
t) 

Short Papers in the 

Geological Sciences 
Geological Survey Research 1960 

GEOLOGICAL -SURVEY PROFESSIONAL PAPER 400-B 

Scientific notes and summaries of investigati~ns 
prepared by members of the Geologic Division in 

the fields of geology and allied sciences 

10HB5~ARY: 

BUR! AU OF \4 I Nt.i 
L-1 8 R A R ·V 

SPOkANl. t.A'\H 

JJN 31971 
~--'I ' .. s f . I f T tl R N 

10 LIBRAIY 

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1960 

·~ : 



UNITED STATES DEPARTMENT OF THE INTERIOR 

FRED A. SEATON, Secretary 

GEOLOGICAL SURVEY 

Thomas B. Nolan, Director 

For sale by the Superintendent of Documents, U.S. Government Printing Office 
Washington 25, D.C. - Price $4.25 (paper cover) 

• 



_l 

CONTENTS 

Foreword (see chapter A) 

Preface (see chapter A) 

Geology of metalliferous deposits 
1. An hypothesis for origin of ore-forming fluid, by J. Hoover Mackin and Earl Ingerson __________________________ _ 
2. Varieties of supergene zinc deposits in the United States, by A. V. Heyl, Jr., and C. N. Bozion ____________ .:. ______ _ 
:3. Lithofacies of the Copper Harbor conglomerate, northern Michigan, by WalterS. White and James C. Wright _____ _ 
4. Relation of the Colorado mineral belt to Precambrian structure, by Ogden Tweto and P. K. Sims _____ - __________ _ 
5. Pre-ore age of faults at Leadville, Colorado, by Ogden Tweto ____________________________________________ ~ ___ _ 
6. Pre-ore propylitization, Silverton caldera, Colorado, by Wilbur S. Burbank _______________________ ---- __ -_------
7. Ring-fractured bodies in the Silverton caldera, Coloracto, by Robert G. Luedke and Wilbur S. Burbank ____________ _ 
8. Relation of mineralization to caldera subsidence in the Creede district, San Juan Mountains, Colorado, by Thomas 

9. 
10. 
11. 
12. 
13. 

14. 
15. 
16. 

17. 
18. 
19. 
20. 

21. 
22. 

23. 

A. Steven and James C. Ratte ________________________________________________________ · _________________ _ 
Alinement of mining districts in north-central Nevada, by Ralph J." Roberts ____________ ,_ ______________________ _ 
Mineral assemblage of a pyrometasomatic deposit near Tonopah, Nevada, by R: A. Gulbrandsen and D. G. Gielow_ 
Sedimentary iron-formation in the Devonian Martin formation, Christmas quadrangle, Arizona, by Ronald Willden_ 
Ettrly Tertiary volcanic geology of an area north and west of Butte, Montana, by Harry W. Smedes ___ -- ______ - _--
Tectonic setting of the Coeur d'Alene district, Idaho, by Robert E. Wallace, Allan B. Griggs, Arthur B. Campbell, 

and S. Warren Hobbs ________________________________________ . ______________________________ - __________ _ 

Bleaching in the Coeur d'Alene district,( Idaho, by P. L. Weis ________________________________________________ _ 
Origin of the Main period veins, Coeur d'Alene district, Idaho, by Verne C. Fryklund, Jr ________________________ _ 
Geologic ttnd economic significance of some geochemical results obtained from stream sediment samples near N orne, 

Alnska, by C. L. Hummel and Robert M. Chapman---------------'----------------------------------------
Structural geology nnd structural control of mineral deposits near N orne, Alaska, by C. L. HummeL-_-- ______ -_--
Structural control in five quicksilver deposits in southwestern Alaska, by C. L. Sainsbury and E. M. MacKevett, Jr __ 
Three areas of possible mineral resource potential in southeastern Alaska, by Henry C. Berg ___________ - ___ --_-_--
A study of rhenium and molybdenum in uranium ore from the Runge mine, Fall River County, South Dakota, by means 

of a spectrographic and concentration method, by A. T. Myers, J .. C. Hamilton, and V. R. Wilmarth ____________ _ 
A study of uranium migration in sandstone-type ore deposits, by.John N. Rosholt, Jr ____________________________ _ 
Distribution and lithologic characteristics of sandstone beds that contain deposits of copper, vanadium, and uranium, 

by R. P. Fischer and J. H. Stewart _________________________________________________________ --- _____ -----

Lead-isotope age studies in Carbon County, Pennsylvania, by T. W. Stern, L. R. Stieff, Harry Klemic, and M. H. 

Dclevaux --------------------------------------------------------------------------------------------
24. Uranium at Palangana salt dome, Duval County, Texas, by Alice D. Weeks and D. Hoye Eargle _________________ _ 
25. Paragenesis of uranium ores in Todilto limestone near Grants, New Mexico, by Al£red H. Truesdell and Alice D. 

Weeks-----------------------------------------------------------------------------------------------
26. Pitchblende identified in a sandstone-type uranium deposit in the central part of the Ambrosia Lake district, New 

Mexico, by Harry C. Granger ________________________________________________ _ :.. ___________________ - _--
27. Metamorphic grade and the abundance of Th02 in monazite, by William C. Overstreet _____________________ -_----

Geology of light metals and industrial minerals 

28. Concentrations of "ilmenite" in the Miocene and post-Miocene formations near Trenton, New Jersey, by James P. 
Owens, James P. Minard, Donald R. Wiesnet, and Frank J. Markewicz --------------------------------------

29. Bloating clay in Miocene strata of Maryland, New Jersey, and Virginia, by Maxwell M. Knechtel and John W. 
liostennan __________________________________________________________________________________________ _ 

30. Significance of unusual mineral occurrence at Hicks Dome, Hardin County, Illinois, by Robert D. Trace ___________ _ 
31. Phosphate and associated resources in Permian rocks of southwestern Montana, by Roger W. Swanson ____________ _ 
32. Hugo pegmatite, Keystone, South Dakota, by J. J. Norton--------------------------------------------------
33. A new beryllium deposit at the Mount Wheeler mine, White Pine County, Nevada, by H. K. Stager _______________ _ 
34. Pre-mineralization faulting in the Lake George area, Park County, Colorado, by C. C. Hawley, W. N. Sharp, and 

W. ll. Griffitts-----------------------------------------------------------------------------------------
35. Bertrandite-bearing greisen, a new beryllium ore, in the Lake George district, Colorado, by W. N. Sharp and C. C. 

Haw~Y----------------------------------------------------------------------------------------------
Geology of fuels 

36. Regional aeromagnetic surveys of possible petroleum provinces in Alaska, by Isidore Zietz, G. E. Andreasen, and 
Arthur Grantz----------------------------------------------------------------------------------------

111 

Page 

B1 
2 
5 
8 

10 
12 
13 

14 
17\1' 
20V' 
21 
23 

25 
27 
29 

30 
33 
35 
38 

39 
41 

42 

45 
48 

52 

54 
55 

57 

59 
63 
65 
67 
7ov 

71 

73 

75 



IV CONTENTS 

Geology of fuels-Continued Page 
37. Studies of helium and associated natural gases, by Arthur P. Pierce ___________________________________________ _ B77 
38. The interpretation of Tertiary swamp types in brown coal, by Gerhard 0. W. Kremp and Anton J. Kovar_ _______ _ 79 
39. Coal reserves of the United States, January 1, 1960, by Paul Averitt _________________________________________ _ 81 
40. Relation of the minor element content of coal to possible source rocks, by Peter Zubovic, Taisia Stadnichenko, and 

Nola B. SheffeY--------------------------------------------------------------------------------------- 82 
41. The association of some minor elements with organic and inorganic phases of coal, by Peter Zubovic, Taisia Stad-

nichenko, and Nola B. Sheffey __________________________________________________ - _______ - ______________ _ 84 
42. Comparative abundance of the minor elements in coals from different parts of the United States, by Peter Zubovic, 

Taisia Stadnichenko, and Nola B. Sheffey __ ' ______________________________________ - _______ - ______________ _ 87 

Exploration and mapping techniques 

43. Field application of ion-exchange resins in hydrogeochemical prospecting, by F. C. Canney and D. B. Hawkins _____ _ 89 
44. Geochemical prospecting for beryllium, by Wallace R. Griffitts and U. Oda ____________________________________ _ 90 
45. Variations in base-metal contents of monzonitic intrusives, by Wallace R. Griffitts and H. M. Nakagawa ___________ _ 93 
46. Geochemistry of sandstones and related vegetation in the Yellow Cat area of the Thompson district, Grand County, 

Utah, by Helen L. Cannon ____________________________________________________________________________ _ 96 
47. Geochemical prospecting for copper in the Rocky Range, Beaver County, Utah, by R. L. Erickson and A. P. 

Marranzino __________________________________________________________________________________________ _ 98 
48. Soil and plant sampling at the Mahoney Creek lead-zinc deposit, Revillagigedo Island, southeastern Alaska, by 

Hansford T. Shacklette _______________________________________________________________________________ _ 102 
49. Geochemical exploration in Alaska, by Robert M. Chapman and Hansford T,. Shacklette ________________________ _ 104 
50. Thermoluminescence and porosity of host rocks at the Eagle mine, Gilman, Colorado, by Carl H. Roach ___________ _ 107 
51. Usefulness of the emanation method in geologic exploration, by Allan B. Tanner_ ______________________________ _ 111 
52. Polar charts for evaluating magnetic anomalies of three-dimensional bodies, by Roland G. Henderson ________________ _ 112 
53. Magnetic evidence for the attitude of a buried magnetic mass, by Gordon E. Andreasen and Isidore Zietz _____________ _ 114 
54. Use of aeromagnetic data to determine geologic structurE;) in northern Maine, by John W. Allingham ______________ _ 
S5. Correlation of aeroradioactivity data and areal geology, by Robert B. Guillou and Robert G. Schmidt_ ____________ _ 

117 
119 

56. Mapping conductive strata by electromagnetic methods, by F. C. Frischknecht and E. B. Ekren _________________ _ 121 
57. Electrical properties of sulfide ores in igneous and metamorphic rocks near East Union, Maine, by L.A. Anderson ______ _ 125 
58. Electrical properties of zinc-bearing rocks in Jefferson County, Tennessee, by G. V. Keller _______________________ _ 128 
59. Terrain corrections using an electronic digital computer, by Martin F. Kane ___________________________________ _ 132 
60. Application of gravity surveys to chromite exploration in Camagi.iey Province, Cuba, by W. E. Davis, W. H. Jackson, c 

and D. H. Richter------------------------------------------------------------------------------------- 133 
61. Spectral reflectance measurements as a basis for film-filter selection for photographic differentiation of rock units, by 

William A. Fischer _______ ,.._.;. __________________________________________________________________________ _ 136 
62. Technique for viewing moon photographs stereoscopically, by Robert J. Hackman ______________________________ _ 139 

Geology applied to engineering and public health 

63. Some thermal effects of a roadway on permafrost, by Gordon W. Greene, Arthur H. Lachenbruch, and Max C. Brewer __ 141 
64. Tentative correlation between coal bumps and orientation of mine workings in the Sunnyside No. 1 mine, Utah, by 

Frank W. Osterwald and Harold Brodsky ________________________________________________________________ _ 144 
65. Review of the causes of subsidence, by Alice S. Allen _____________ -------------------------------------------- 147 
66. A sample of California Coast Range landslides, by M.G. Bonilla _____________________________________________ :.._ 149 
67. Alteration of tuffs by Rainier underground nuclear explosion, Nevada Test Site, Nye County, Nevada, by V. R. Wil-

marth, Theodore Botinelly, and R. E. Wilcox _____________________________________________________________ _ 149 
68. Distribution of gamma radioactivity, radioactive glass, and temperature surrounding the site of the Rainier under-

ground nuclear explosion, Nevada, by C. M. Bunker, W. H. Diment, and V. R. Wilmarth _________________________ _ 151 
69. Gravity and seismic exploration at the Nevada Test Site, by W. H. Diment, D. L. Healey, and J. C. Roller_ ______ _ 156 
70. Maximum ground ~ccelerations caused by nuclear explosions at distances of 5 to 300 kilometers, by W. H. Diment, 

S. W. Stewart, and J. C. Roller ________________________________________________________________________ _ 160 
71. Cation exchange with vermiculite, by Marian M. Schnepfe __________________________________________________ _ 161 
72. Preparation of stable gelatin-montmorillonite clay extrusions, by Irving May __________________________________ _ 163 
73. Variation of aluminum, sodium, and manganese in common rocks, by James R. Burns __________________________ _ 164 

Geology of Eastern United States 
74. Pre-Silurian stratigraphy in the Shin Pond and Stacyville quadrangles, Maine, by Robert B. Neuman _____________ _ 166 
75. A comparison of two estimates of the thorium content of the Conway granite, New Hampshire, by F. J. Flanagan, 

W. L. Smith, and A.M. Sherwood _____________________________________________________________________ _ 168 
76. Possible use of boron, chromium, and nickel content in correlating Triassic igneous rocks in Connecticut, by P. M. 

Hanshaw and P.R. Barnett ___________________________________________________________________________ _ 170 
77. Coral faunas in the Onondaga limestone of New York, by William A. Oliver, Jr ________________________________ _ 172 
78. Geophysical and geological interpretation of a Triassic structure in eastern,Pennsylvania, by Isidore Zietz and Carlyle 

Gray _______________________________________________________________________________________________ _ 174 
79. Preliminary interpretation of aeromagnetic data in the Allentown quadrangle, Pennsylvania, by Randolph W. 

Bromery ____________________________________________________________________________________________ _ 178 



CONTENTS 

Geology of Eastern United States-Continued 
80. Taconic and post-Taconic folds

0
in eastern Pennsylvania and western New Jersey, by Avery A. Drake, Jr., Robert E. 

Davis, and Donald C. Alvord __________________________________________________________________________ _ 

81. Late Paleozoic orogeny in eastern Pennsylvania consists of five progressive stages, by Harold H. Arndt and Gordon 
Il. \\rood, J r _________________________________________________________________________________________ _ 

82. Differential subsidence of the southern part of the New Jersey Coastal Plain since early Late Cretaceous time, by 
James P. Minard and James P. Owens __________________________________________________________________ _ 

83. Drowned valley topography at beginning of Middle Ordovician deposition in southwest Virginia and northern Tennes-
see, by Leonard D. Harris _____________________________________________________________________________ _ 

84. A synthesis of geologic work in the Concord area, North Carolina, by Henry Bell IlL ___________ .:. ______________ _ 
85. Aeromagnetic and aeroradioactivity survey of the Concord quadrangle, North Carolina, by Robert W. Johnson, Jr., 

and Robert G. Bates-----------------------------------------------------------------------------------
86. A major topographic lineament in western North Carolina and its possible structural significance, by John C. Reed, Jr., 

and Bruce H. Bryant----------------------------------------------------------------------------------
87. Geologic relations inferred from the provisional geologic map of the crystalline rocks of South Carolina, by William C. 

Overstreet and Henry Bell III _________________________________________________________________________ _ 

88. Determination of structure in the Appalachian basin by geophysical methods, by Elizabeth R. King and Isidore Zietz __ 
89. Residun.l origin of the 11 Pleistocene" sand mantle in central Florida Uplands and its bearing on marine terraces and 

Cenozoic uplift, by Z. S. Altschuler and E. J. Young _____________ ·------------------------------------------
90. A tropical sea in central Georgia in late Oligocene time, by Esther R. Applin· _______________________ : __________ _ 
91. Significance of changes in thickness and lithofacies of the Sunniland limestone, Collier County, Florida, by Paul L. 

Applin-----------------------------------------------------------------------------------------------
92. Significance of loess deposits along the Ohio River valley, by Louis L. Ray ____________________________________ _ 
93. Magnetization of volcanic rocks in the Lake Superior geosyncline, by Gordon D. Bath __________________________ _ 

Geology of Western Conterminous United States 
94. Measurements of electrical properties of rocks in southeast Missouri, by C. J. Zablocki_ _________________________ _ 
95. Interpretation of aeromagnetic anomalies in southeast Missouri, by John W. Allingham _________________________ _ 
96. Some aftershocks of the Hebgen Lake, Montana, earthquake of August 1959, by S. W. Stewart, R. B. Hofmann, and 

\V. I-I. Di tnent _______________________________________________________________________________________ _ 

97. Depth soundings in Hebgen Lake, Montana, after the earthquake of August 17, 1959, by W. H. Jackson __________ _ 
98. Correlation of alpine and continental glacial deposits of Glacier National Park and adjacent high plains, Montana, 

by Gerald M. Richmond ______________________________________________________________________ ~ _______ _ 

99. The late Quaternary age of obsidian-rhyolite flows in the western part of Yellowstone National Park, Wyoming, by 
Gerald M. Richmond and Warren Hamilton _____________________________________________________________ _ 

100. Distribution of corals in the Madison group and correlative strata in Montana, western Wyoming, and northeastern 
Utah, by William J. Sando ____________________________________________________________________________ _ 

101. Middle Tertiary unconformity in southwestern Montana, by G. D. Robinson __________________________________ _ 
102. Configuration of the lON pluton, Three Forks, Montana, by Isidore Zietz _____________________________________ _ 
103. Metamorphism and thrust faulting in the Riggins quadrangle, Idaho, by Warren Hamilton ______________________ _ 
104. Diverse interfingering Carboniferous strata in the Mackay quadrangle, Idaho, by Clyde P. Ross _________________ _ 
105. Progressive growth of anticlines during Late Cretaceous and Paleocene time in central Wyoming, by William R. 

Ke~fer-----------------------------------------------------------------------------------------------
1.06. The 11 break-away" point of Heart Mountain detachment fault in northwestern Wyoming, by William G. Pierce ___ _ 
107. Regional geologic interpretation of aeromagnetic and gravity data for the Rowe-Mora area, Ne\v Mexico, by Gordon 

K Andreasen, Martin F. Kane, and Isidore Zietz _________________________________________________________ _ 
108. Southwestern edge of late Paleozoic landmass in New Mexico, by George 0. Bachman __________________________ _ 
1.09. New information on the areal extent of some Upper Cretaceous units in northwestern New Mexico, by Carle H. Dane __ 
110. Lithologic subdivisions of the Redwalllimestone in northern Arizona-their paleogeographic and economic significance, 

by Edwin D. McKee __ --------------·-----------------------------------------------------------------
111. Pliocene sediments near Salida, Chaffee County, Colorado, by Ralph E. Van Alstine, and G. Edward Lewis _______ _ 
112. Some Late Cretaceous strand lines in northwestern Colorado and northeastern Utah, by A. D. Zapp and W. A. Cobban_ 
113. Strn.tigraphy and structure of the Precambrian metamorphic rocks in the Tenmile Range, Colorado, by A. H. Kosch-

traann and M. H. BergendahL _________________________________________________________________________ _ 

114. Salt anticlines and deep-seated structures in the Paradox basin, Colorado and Utah, by H. R. Joesting and J. E. Case __ 
115. Distribution and physiographic significance of the Browns Park formation, Flaming Gorge and Red Canyon areas, 

Utah-Colorado, by Wallace R. Hanset~, Douglas M. Kinney, and John M. Good_---------------·--·----------
116. Probable late Miocene age of the North Park. formation in the North Park area, Colorado, by W. J. Hail, Jr., and 

G. E. Lewis--------------------------------------------------------------~---------------------------
117. Paleocene and Eocene age of the Coalmont formation, North Park, Colorado, by W. J. Hail, Jr., and Estella B. 

Leopold----------------------------------------------------------------~-----------------------------
11.8. Pre-Cutler unconformities and early growth of the Paradox Valley and Gypsum Valley salt anticlines, Colorado, by 

D. P. Elston and E. R. Landis _________________________________________________________________________ _ 

119. Structure of Paleozoic and early Mesozoic rocks in the northern part of the Shoshone Range, Nevada, by James 
GillulY-----------------------------------------------------------------------------------------------

v 

Page 

8180 

182 

184 

186 
189 

192 

195 

197 
199 

202 
207 

209 
211 
212 

214 
216 

219 
221 

223 

224 

225 
227 
229 
230 
232 

233 
236 

238 
239 
241 

243 
245 
246 

249 
252 

257 

259 

260 

261 

265 v 



VI CONTENTS 

Geology of Western Conterminous United States-Continued " 
120. Structural features of pyroclastic rocks of the Oak Spring formation at the Nevada Test Site, Nye County, Nevada, as 

related to the topography of the underlying surface, by F. N. Houser and F. G. Poole __________________________ _ 
121. Origin of the Amargosa thrust fault, Death Valley area, California: a result of strike-slip faulting in Tertiary time, 

by Harald Drewes-------------------------------------------------------------------------------------
122. Bedding-plane thrust faults east of Connors Pass, Schell Creek Range, eastern Nevada, by Harald Drewes _________ _ 
123. Possible interbasin circulation of ground water in the southern part of the Great Basin, by Charles B. Hunt and 

T. VV. Robinson---------------------------------------------------------------------------------------
124. Observations of current tilting of the earth's surface in the Death Valley, California, area, by Gordon VV. Greene and 

Charles B. Hunt ______________________ - ____ -- ____ -- _- _------------------------------------ _--- __ -- ___ _ 
125. Pliocene(?) sediments of salt water origin near Blythe, southeastern California, by VVarren Hamilton _______________ _ 
126. Structure in the Big Maria Mountains of southeastern California, by VVarren Hamilton _________________________ _ 
127. Fossil Foraminifera from the southeastern California deserts, by Patsy Beckstead Smith ________________________ _ 
128. Time of the last displacement on the middle part of the Garlock fault, California, by George I. Smith _____________ _ 
129. Welded tuffs in the northern Toiyabe Range, Nevada, by Harold Masursky _________________________ - _________ _ 
130. Regional gravity survey of part of the Basin and Range province, by Don R. Mabey ___________________________ _ 
131. Mesozoic age of roof pendants in west-central Nevada, by James G. Moore __________________________ - _________ _ 
132. Identification of the Dunderberg shale of Late Cambrian age in the eastern Great Basin, by Allison R. Palmer _____ _ 
133. Intrusive rocks of Permian and Triassic age in the Humboldt Range, Nevada, by Robert E. VVallace, Donald B. 

Tatlock, and Nor man J. Sil berling ____________________________________ ~ _________________________________ _ 

134. Regional significance of some lacustrine limestones in Lincoln County, Nevada, recently dated as Miocene, by 
Charles M. Tschanz _________ -.- _______________________________________________________________________ _ 

135. Evidence in the Snake River Plain, Idaho, of a catastrophic flood from Pleistocene Lake Bonneville, by Harold E. 
Malde _________________________ ·----------------------------------------------------------------------

136. Alkalic lava flow, with fluidity of basalt, in the Snake River Plain, Idaho, by Howard A. Powers ___________________ _ 
137. A distinctive chemical characteristic of Snake River basalts of Idaho, by Howard A. Powers _____________________ _ 
138. Age and correlation of some unnamed volcanic rocks in south-central Oregon, by George VV. VV alker ______________ _ 
139. Upper Triassic graywackes and associated rocks in the Aldrich Mountains, Or~gon, by T. P. Thayer and C. E. Brown_ 
140. The John Day formation in the Monument quadrangle, Oregon, by Richard V. Fisher and Ray E. VVilcox ________ _ 
141. The Republic graben, a major structure in northeastern VVashington, by Mortimer H. Staatz ____________________ _ 
142. Suggested source of Miocene volcanic detritus flanking the central Cascade Range, VVashington, by Leonard M. 

Gard, Jr---------------------------------------------------------------------------------------------
143. Late Recent age of Mount St. Helens volcano, Washington, by D. R. Mullineaux and D. R. CrandelL ___________ _ 
144. Cenozoic volcanism in the Oregon Cascades, by Dallas L. Peck ______________________________________________ _ 
145. Rodingite from Angel Island, San Francisco Bay, California, by Julius Schlocker _______________________________ _ 
146. Gravity anomalies at Mount Whitney, California, by H. W. Oliver ___________________________________________ _ 
147. Relations between Abrams mica schist and Salmon hornblende schist in VVeaverville quadrangle, California, by 

William P. Ir,vin _____________________________________________________________________________________ _ 

148. Evidence for two stages of deformation in the western Sierra Nevada metamorphic belt, California, by Lorin D. Clark_ 
149. Early Cretaceous fossils in submarine slump deposits of Late Cretaceous age, northern Sacramento Valley, California, 

by Robert D. Brown, Jr., and Ernest I. Rich ____________________________________________________________ _ 
150. Gravity variations and the geology of the Los Angeles Basin of California, by Thane H. McCulloh _______________ _ 
151. Previously unreported Pliocene Mollusca from the southeastern Los Angeles Basin, by J. G. Vedder_ _____________ _ 

Geology of Alaska 
152. Cenozoic sediments beneath the central Yukon Flats, Alaska, by John R. Williams _____________________________ _ 
153. The Cook Inlet, Alaska, glacial record and Quaternary classification, by Thor N. V. Karlstrom __________________ _ 
154. Surficial deposits of Alaska, by T~or N. V. Karlstrom _______________________________________________________ _ 
155. Recent eustatic sea-level fluctuations recorded by Arctic beach ridges, by G. W. Moore _________________________ _ 
156. Generalized stratigraphic section of the Lisburne group in the Point Hope A-2 quadrangle, northwestern Alaska, by 

Russell H. CampbelL ________ .:. ________________________________________________________________________ _ 

157. A marine fauna probably of late Pliocene age near Kivalina, Alaska, by D. M. Hopkins and F. S. MacNeiL ______ _ 
158. Possible significance of broad magnetic highs over belts of moderately deformed sedimentary rocks in Alaska and 

California, by Arthur Grantz and Isidore Zietz ___________________________________________________________ _ 

159. Stratigraphy and age of the Matanuska formation, south-central Alaska, by Arthur Grantz and David L. Jones ___ _ 
160. Radiocarbon dates relating to the Gubik formation, northern Alaska, by Henry W. Coulter, Keith M. Hussey, and 

John B. O'Sullivan ________________________________ ~---------------------------------------------------
161. Metasedimentary rocks in the south-central Brooks Range, Alaska, by VVilliam P. Brosge _____________________ _ 
162. Slump structures in Pleistocene lake sediments, Copper River Basin, Alaska, by Donald R. Nichols _____________ _ 

Geology of Hawaii, Puerto Rico, Pacific Islands, and Antarctica 
163. Pahala ash-an unusual deposit from Kilauea Volcano, Hawaii, by George D. Fraser_ __________________________ _ 
164. Sinkholes and towers in the karst area of north-central Puerto Rico, by Watson H. Monroe _____________________ _ 
165. Structural control of hydrothermal alteration in some volcanic rocks in Puerto Rico, by M. H. Pease, Jr __________ _ 

Pa&"O 

B266V 

268 
270 

273 

275 
276 
277 
'278 
280 
2811/ 
283 
285v' 
289v 

291V 

293V 

295 
297 
298 
298 
300 
302 
304 

306 
307 
308 
311 
313 

315 
316 

318 
320 
326 

329 
330 
333 
335 

337 
339 

342 
347 

350 
351 
353 

354 
356 
360 



CONTENTS vn 

Geology of Hawaii, Puerto Rico, Pacific Islands, and Antarctica-Continued Page 

166. Successive thrust and transcurrent faulting d~ring the early Tertiary in south-central Puerto Rico, by Lynn Glover III 
n.nd Peter H. Mattson ____________________________________________________ ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ B363 

167. Compressional graben and horst structures in east-central Puerto Rico, by R. P. Briggs and M. H. Pease, Jr_ _ _ _ _ _ _ 365 
168. Stratigntphic distribution of detrital quartz in pre-Oligocene rocks in south-central Puerto Rico, by Peter H. Mattson 

and Lynn Glover III---------------------------------------------------------------------------------- 367 
169. Occurrences of bauxitic clay in the karst area of north-central Puerto Rico, by Fred A. Hildebrand________________ 368 
170. The stratigraphy of Ishigaki-shima, Ryukyu-retto, by Helen L. Foster_________________________________________ 372 
171. Fossil mammals from Ishigaki-shima, Ryukyu-retto, by Frank C. Whitmore, Jr __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 372 
172. Distribution of molluscan faunas in the Pacific islands during the Cenozoic, by Harry S. Ladd____________________ 374 
173. Geology of Taylor Glacier-Taylor Dry Valley region, South Victoria Land, Antarctica, by Warren Hamilton and 

Philip T. Hayes_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 3 7 6 

174. New interpretation of Antarctic tectonics, by Warren Hamilton_______________________________________________ 379 

Paleontology, geomorphology, and plant ecology 
175. Gigantopteridace~te in Permian floras of the Southwestern United States, by Sergi us H. Mamay __________________ _ 
176. Upper .P~tleozoic floral zones of the United States, by Charles B. Read and Sergius H. Mamay __ :._ ________________ _ 
177. Fossil spoor and their environmental significance in Morrow and Atoka series, Pennsylvanian, Washington County, 

Arkans~:Ls, by Lloyd G. Hen best ________________________________________________________________________ _ 
178. Paleontologic significance of shell composition and diagenesis of certain late Paleozoic sedentary Foraminifera, by 

Lloyd G. Henbest-------------------------------------------------------------------------------------
179. Relation of solution features to chemical character of water in the Shenandoah Valley, Virginia, by John T. Hack __ _ 
180. Some ex~unples of geologic factors in plant distribution, by Charles B. Hunt ___________________________________ _ 

Geophysics 
181. Rate of melting at the bottom of floating ice, by David F. Barnes and John E. Hobbie __________________________ _ 
182. Intenutl friction and rigidity modulus of Solenhofen limestone over a wide frequency range, by L. Peselnick and 

\V. F. Outerbridge ____________________________________________________________________________________ _ 

183. Physical properties of tuffs of the Oak Spring formation, Nevada, by George V. Keller __________________________ _ 
184. Magnetic susceptibility and thermoluminescence of calcite, by Frank E. Senftle, Arthur Thorpe, and Francis J. 

Flanagan---------------------------------------------------------------------------------------------
185. Salt features that simulate ground patterns formed in cold climates, by Charles B. Hunt and A. L. Washburn _____ _ 
186. Thermal contraction cracks and ice wedges in permafrost, by Arthur H. Lachenbrueh--------------------------~-
187. Contraction-crack polygons, by Arthur H. Lachenbruch _____________________________________________________ _ 
188. Curvature of normal faults in the Basin and Range province of the Western United States, by James G. Moore ____ _ 
189. Volcanism in eastern California-a proposed eruption mechanism, by L. C. Pakiser ______________________________ · 
190. Some relationships between geology and effects of underground nuclear explosions at Nevada Test Site, Nye County, 

Nevada, by F. A. McKeown and D. D. DickeY-----------------------------------------------------------
191. Structural effects of Rainier, Logan, and Blanca underground nuclear explosions, Nevada Test Site, Nye County, 

Nevada, by V. R. Wilmarth and F. A. McKeown ________________________________________________________ _ 
192. Brecciation and mixing of rock by strong shock, by Eugene M. Shoemaker_ _______________________ ~ ___________ :_ 
193. Paleomagnetism, polar wandering, and continental drift, by Richard R. Doell and Allan V. Cox __________________ _ 
194. Preparation of an accurate equal-area projection, by Richard R. Doell and Robert E. Altenhofen ________________ _ 

Mineralogy, geochemistry, and petrology 
· 195. Crystal habit of frondelite, Sapucaia pegmatite mine, Minas Gerais, Brazil, by Marie Louise Lindberg ____________ _ 

196. Some characteristics of glauconite from the coastal plain formations of New Jersey, by James P. Owens and James P. 
Minard----------------------------------------------------------------------------------------------

197. X-ray determinative curve for natural olivine of composition Foso-90 , by Everett D. Jackson _____________________ _ 
198. Acidic properties of Fithian "illite", by Dorothy Carroll and Alfred M. Pommer_ ______________________________ _ 
199. Carbon dioxide and alumina in the potentiometric titration of H-montmorillonite, by Dorothy CarrolL ___________ _ 
200. Changes in thermogravimetric curves of calcium sulfate dihydrate with variations in the heating rate, by Charles A. 

l{inser ______________________________________________________________________________________________ _ 

201. Synthetic bayleyite, by Robert Meyrowitz and Marie Louise Lindberg ________________________________________ _ 
202. Synthetic hydrous boron micas, by Hans P. Eugster and Thomas L. Wright ___________________________________ _ 
203. Recent developments in the crystal chemistry of vanadium oxide minerals, by Howard T. Evans, Jr ______________ _ 
204. Authigenic rhodochrosite spherules from Gardner Creek, Kentucky, by E. C. T. Chao and William E. Davies _____ _ 
205. Stratigraphic variations in mineralogy and chemical composition of the Pierre shale in South Dakota and adjacent 

p~trts of North Dttkota, Nebraska, Wyoming, and Montana, by Harry A. Tourtelot, Leonard G. Schultz, and 
Jntnes R. Gill-----------------------------------------------------------------------------------------

206. Summary of chemical characteristics of some waters of deep origin, by Donald E. White ________________________ _ 
207. Geochemical investigation of molybdenum at Nevares Spring in Death Valley, California, by F. N. Ward, H. M. 

N~tkttgawa, and Charles B. Hunt _______________________________________________________________________ _ 

208. The Death Valley snit pan, a study of evaporites, by Charles B. Hunt ________________________________________ _ 

380 
381 

383 

386 
387 
390 

392 

395 
396 v' 

401 
403 
404 
406 
409 
411 

415j 

418-/ 
423 
426 
427 

429 

430 
432 
434 
436 

438 
440 
441 
443 
446 

447 
452 

454 
456 



VIII CONTENTS 

Mineralogy, geochemistry, and petrology-Continued 
209. Early stages of evaporite deposition, by E-:an Zen __________________ -• ______________________________________ _ 
210. Spatial relations of fossils and bedded cherts in the Red wall limestone, Arizona, by E. D. McKee ________________ _ 
211. Structurally localized metamorphism of manganese deposits in Aroostook County, Maine, by Louis Pavlides __ . ____ _ 
212. Migration of elements during metamorphism in the northwest Adirondack Mountains, New York, by A. E. J. Engel 

and Celeste G. Engel----------------------------------------------------------~-----------------------
213. Chilled contacts and volcanic phenomena associated with the Cloudy Pass batholith, Washington, by Fred W. Cater, Jr _ 
214. The role of impermeable rocks in controlling zeolitic alteration of tuff, by A. B. Gibbons, E. N. Hinrichs, and Theodore 

BotinellY---------------------------------------------------------------------------------------------

AnaJytical and petrographic methods 
215. Determination of total iron in chromite and chrome ore, by Joseph I. Dinnin ______________ -_-_-..: __ - ___________ _ 
216. Determination of zinc in basalts and other rocks, by L. F. Rader, W. C. Swadley, H. H. Lipp, and Claude Huffman, Jr _ 
217. Comparison of three methods for the determination of total and organic carbon in geochemical studies, by I. C. Frost_ 
218. The determination of lead in iron-bearing materials, by Jesse J. Warr and Frank Cuttitta _______________________ _ 
219. Determination of lead in pyrites, by Frank Cuttitta and Jesse J. Warr_ _______________________________________ _ 
220. Determination of lead in zircon with dithizone, by Frank Cuttitta and Jesse J. Warr ______ -- _______ - _- _- ____ ----
221. Preparation of lead iodide for mass spectrometry, by Frank Cuttitta and Jesse J. Warr_ ________________________ _ 
222. Determination of small quantities of oxygen adsorbed on anatase, by Frank Cuttitta _______ - _______ - _- _- _- __ ----
223. Preliminary tests of isotopic fractionation of copper adsorbed on quartz and sphalerite, by Frank Cuttitta, F. E. 

Senftle, and E. C. Walker ______________________________________________________________ - __ -----_-------
224. Water-soluble boron in sample containers, by Claude Huffman, Jr ____________________________________________ _ 
225. Dilution-addition method for flame spectrophotometry, by F. S. Grimaldi _________________________ - ___ - ____ ----
226. A spectrophotometric method for the determination of FeO in rocks, by Leonard Shapiro ___________ - ________ ----
227. Spectrochemical analysis using controlled atmospheres with a simple gas jet, by C. S. Annell and A. W. Helz ______ _ 
228. Combination of gravimetric and spectrographic methods in the analysis of silicates, by Rollin E. Stevens, Arthur A. 

Chodos, Raymond G. Havens, Elizabeth Godijn, and Sarah T. NeiL _______________________________________ _ 
229. Sodium-sensitive glass electrodes in clay titrations, by Alfred M. Pommer ___________________________________ ---
230. Precipitation of salts from solution by ethyl alcohol as an aid to the study of evaporites, by R. A. Gulbrandsen ____ _ 
231. A gamma-ray absorption method for the determination of m anium in ores, by Alfred F. I-loyte ________ - ___ - _-----
232. Method of grinding cesium iodide crystals, by Prudencio Martinez ________________________________________ ----

Index------------------------------------------~--------------------------------------------------~----------

Page 

B458 
461 
463 

465 
471 

473 

476 
477 
480 
483 
485 
486 
487 
488 

491 
493 
495 
496 
497 

499 
502 
504 
504 
507 
509 



GEOLOGICAL SURVEY RESEARCH 1960 
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GEOLOGY OF METALLIFEROUS DEPOSITS 

1. AN HYPOTHESIS FOR THE ORIGIN OF ORE-FORMING FLUID 

By .T. I-Ioov1m MACKIN and EARL INGERSON, University of Washington, Seattle, Wash., and University of 
Texas, Austin, Tex. · 

It is genera11y agreed that primary metalliferous 
veins are genetically related to intrusive igneous bodies, 
but in most mining districts the field relations demon
strate only that both the magma and the ore-forming 
fluid originated below the present surface; and it is 
therefore not possible to determine the nature of the 
genetic relationship by direct observation. The classi
cal view, based largely on theoretical considerations, 
holds that "metals a.nd mineralizers," present in minute 
proportions in the orginal melt, are concentrated in a 
rest liquid ·by fractional crystallization of rock-form
ing minerals devoid of those substances, and that during 
a late stage in the solidification of the intrusion the rest 
liquid escapes to form ore deposits. The different 
hypothesis outlined in this note is based on studies in the 
Iron Springs district, in soutln,~estern Utah. 

In the Iroi1 Springs district replacement ore bodies of 
magnetite and hematite occur in Jurassic limestone 
around the borders of early Teritiary laccoliths of 
granodiorite porphyry. The present erosion surface 
cuts the laccoliths at a favorable level, and it is possible 
to prove that the iron in the ore bodies was derived from 
the immedia{ely adjacent porphyry. Several lii1es of 
evidence indicate that the iron was originally incorpo
rated in biotite and hornblende tha.t. crystallized in the 
melt in depth prior to the emplacement of the laccoliths. 
The outermost part of the typical Iron Springs lacco
lith-a "peripheral shell" 100 to 200 feet thick-con
solidated so rapidly that there was little deuteric altera
tion; the biotite and hornblende phenocrysts in the 
peripheral shell rock are fresh, and the field relations 
indicate that this rock yielded no ore. In the interior of 
the laccoliths, on the other hand, the biotite and horn
blende phenocrysts were largely or completely destroyed 
by deuteric alteration, and the iron contain:ed in them 
was released into the interstitial fluid of a slowly con-

solidating crystal mush. This fluid escaped only from 
those parts of the laccoliths where renewed intrusion 
caused outbulging that opened gaping tension joints in 
the sernisolid mush within the peripheral shell. The 
tension joints are bordered by bleached-appearing 
"selvages" as much as three or four inches in width; the 
selvage. rock contains about 30 percent less iron than 
the rock mid way between them. The faces of the 
selvaged joints are encrusted with magnetite and other 
minerals, and the joint fillings are in a merely descrip
tive SC3nse fissure veins; they differ in origin from ordi
nary fissure veins, which are, if we may use a medieval 
analogy, the branches or leaves of the "mineral tree", 
whereas the selvaged joints in the Iron Springs lacco
liths are the ~roots of the "mineral tree." It is possible 
to walk across ledge outcrops from the deep interior 
of the laccoliths, where the interstitial fluid was all re
tained, upward and outward through the selvaged joint 
zone, where the iron of the ore deposits originated, and 
thence along magnetite-impregnated breccias formed by 
late-intrusive faults, that served as conduits for move
ment of the ore-forming fluid through the peripheral 
shell, a.nd finally reach the replacement ore bodies at 
the contact. 

This theory implies that the replacement ore bodies 
of the Iron Springs district should occur only adjacent 
to parts of the laccoliths where there are selvaged joints, 
and, conversely, that the selvaged joints should be 
present only where there was late-intrusive distension. 
Ore bodies should therefore be restricted to segments of 
the contact that are convex outward in section, or in 
plan, or both; where the contact is planar there should 
be no selvaged joints in the intrusive rock and no re- · 
placement ore in the adjacent limestone. These im
plications are borne out by the actual distribution of 
the iron ore bodies. · 

Bl 
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Crystalline hematite was deposited in cracks in the 
upper part of a silicic ignimbrite sheet formed by a 
nuee ardente eruption in the Iron Springs district just 
prior to emplacement of the laccoliths. As the ignim
brite sheet is almost identical in composition with the 
intrusions, one can reasonably assume that iF was de
rived from the same magmatic source. The biotite and 
hornblende phenocrysts in a layer of vitrophyre at the 
base of the ignimbrite sheet are -perfectly fresh, but 
those in the middle part, where the matrix is stony
textured, are largely or wholly destroyed by deuteric 
alteration. The mechanics of origin of the ignimbrite 
sheet virtually rule out the possibility that the fluid 
which deposited the fumarolic hematite in its upper 
part was a magmatic rest liquid, enriched in "metals 
and mineralizers" by fractional crystallization; the re
lations indicate rather that the iron was released by 
deuteric alteration of intratelluric hornblende and bio
tite while the ignimbrite was consolidating at the 
surface. -

The "deuteric release" hypothesis of origin of the 
ore-forming fluid in the Iron Springs district has thus 
far been applied only in that district, and its validity 
depends entirely on specific lines of evidence developed 
there, but it is worthwhile to consider its possible appli
cation to a larger, long-standing geologie problem: 
Why is it that ore deposits tend to cluster around stocks 
and other hypabyssal intrusions consisting of porphyry, 
while the border zones and roof pendants of the great 
batholiths tend to be relatively barren~ This relation
ship does not comport with the view that the ore metals 
a,re concentrated in a rest liquid by fractional crystalli
zation. Slow and complete crystallization in batho
lithic bodies should be much more favorable for such 
concentration than the conditions under which hypa
byssal bodies consolidate. The poverty of deep-seated 
bodies as compared with hypabyssal bodies is, on the 

other hand, a direct and necessary consequence of the 
"deuteric" release hypothesis, not considered when that 
hypothesis was being formulated in the Iron Springs 
district. 

Iron is an integral constituent of some rock-forming 
minerals, and many of the other ore metals are readily 
accepted into the lattices of many of the rock-forming 
minerals, particularly biotite. If these minerals crys
tallize in a batholithic chamber and if the magma con
solidates completely in that same chamber, the metals 
locked up in the rock-forming minerals will not be 
available to form ore bodies. But if, during the period 
of crystallization, a phenocryst-bearing magma moves 
upward from the batholithic chamber to .form a hypa
byssal body, deuteric decay of those phenocrysts that 
are unstable under the new -conditions will release the 
metals to the interstitial fluid in the interior of the con
solidating body. A second requirement for the produc-

-tion of ore is continued growth of the hypabyssal body, 
or a renewed upsurging of magma which causes disten
sion in convex parts of the chamber at a time when the 
crystal mush in those parts is stiff enough to crack but 
is still chemically reactive; the gaping primary tension 
joints which will then penetrate into the semisolid mush 
can become the "roots of the mineral tree". A general 
prerequisite is, of course, that the original melt shall 
contain all the substances needed for making ore; we 
have only iron oxide ore in Iron Springs because the 
magmas there happen to have been nearly devoid of 
sulfur, which is a constituent of most ores of other 
metals. 

The "deuteric release" hypothesis is useful because 
its consequences are readily deducible and very specific, 
and serve as a basis for diagnostic tests that can be 
applied wherever the present erosion surface or mine 
workings cut an intrusive body at the level at which ore 
was released. 

2. VARIETIES OF SUPERGENE ZINC DEPOSITS IN THE UNITED STATES 

By A. V. HEYL, JR., and C. N. BozroN, Beltsville, Md., and Washington, D.C. 

Deposits of oxidized zinc minerals are widely dis
tributed throughout the United States, especially in the 
general region of the Rocky Mountains and Basin and 
Range provinces, in the principal Mississippi Valley 
districts, in the Valley and Ridge province, and in the 
New Jersey Highlands and western Adirondacks. 

Most supergene zinc deposits can be classified into 
three main types in order of their abundance : (a) di
rect-replacement deposits (fig. 2.1), (c) wallrock de
posits (fig. 2.2), and (b) saprolitic (weathered in place) 
and residual (essentially in place, but compacted) ac
cumulations (fig. 2.3). A few supergene wurtzite de-
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posits are known (for example, Horn Silver mine in 
Utah, Butler, 1913), also placer (I-Ieyl and others, 1959, 
p. 131), bog (Cannon, 1955), an~ cave accumulations. 
Many deposits are combinations of several types. 

Fault with gouge 

0 5 FEET 

l!..,IOUIU~ 2.1.-Direct-replacement deposit of zinc sulfide vein · 
by oxidized zinc minerals, Redmond, Utah. 

FiounE 2.2.-Wallrock deposits of oxidized zinc ore (after 
Loughlin, 1914), Tintic district, Utah. 

FIGURE 2.3.-Saprolitic and residual accumulation of oxidized 
zinc ore (-after Watson, 1905, fig. 16), Bertha, Va. 

DIRECT-REPLACEMENT DEPOSITS 

Deposits directly replacing hypogene sulfides are the 
most abundant. They retain the shape of the original 
ore bodies, although the metals are redistributed. In 
areas of slow oxidation and near-neutral conditions 
(pH 7-8), such as the upper Mississippi Valley (Heyl 
and others, 1959, p. 164-165), pseudomorphs of smith
sonite after sulfides are common; but in areas of deep 
and rapid oxidation zinc, copper, and iron tend to mi
grate towards the margins of the deposit where they 
reconcentrate as smithsonite, hemimorphite, malachite
azurite, and limonite casings, or as kidney-shaped, con
centric-shelled masses within the original ore body. 
Lead, silver, and gold migrate somewhat but redeposit 
nearly in place as supergene compounds and native 
gold and silver. Galena, completely replaced by cerus
site, anglesite, and plumbojarosite, is typical. Sphaler
ite is replaced by smithsonite and hemimorphite, and 
less commonly by hydrozincite, willemite, descloizite, 
and adamite. Outcrops are leached to a porous gossan 
of limonite, jasperoid, calcite, and less abundantly 
cerussite, plumbojarosite, cerargyrite, hemimorphite, 
and gold. · 

Although many discussions of zinc oxidation state 
that supergene zinc deposits of commercial size in rocks 
lean in carbonate are rare or nonexistent, at least 24 are 
known. All are in the vV est, and some are rich and 
large, such as those in the Warm Springs district, Idaho 
(Umpleby and others, 1930), Clifton-Morenci (Lind
gren, 1905), Globe-Miami (Peterson, 1950, p. 98-112), 
Silver-Eureka (Wilson, 1951, . p. 83-97) districts of 
Arizona, and the Sedalia mine (Lindgren, 1908, p. 161-
166), Salida, Colorado. The "rule" that zinc is usually 
dispersed in solutions when deposits in noncarbonate 
rocks are oxidized obviously has many exceptions. The 
wall rocks include metasedimentary and clastic sedi
mentary rocks, gneisses, mafic and felsic igneous rocks, 
and calcareous quartzites. Most districts have under-
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gone deep and intense oxidation, usually in areas of 
arid climate where supergene solutions are so sparse 
that most metals are redeposited within the original 
ore bodies as the solutions descend and evaporate. 

Descloizite, mottramite, and vanadinite are common 
as main or accessory minerals throughout the southern 
part of the Basin and Range province of the United 
States and Mexico. The source of the vanadium has 
been attributed by some (I(elly and others, 1958, p. 
1596; Fischer, 1959, p. 222-223) to adjacent limestones. 
Newhouse ( 1934, p. 209-219) attributed the vanadium 
to traces in hypogene deposits. The present study shows 
that vanadium minerals are found in a wide variety of 
geologic environments throughout metallogenetic prov
inces irrespective of wa.llrocks, be they felsic or mafic 
igneous rocks, grteisses, amphibolites, limestones, or 
clastic rocks of different ages. Only one of several oxi
dized zinc deposits in the vanadium-bearing Colorado 
Plateau province contains vanadium minerals, which 
supports tl--.e ideas of Newhouse. 

Willemite is a supergene mineral locally abundant in 
the West, and mined in at least nine localities; nearly 
all are in deeply oxidized districts of . the Basin and 
Range province. For reasons unclear, it is restricted 
to certain deposits within districts. 

W ALLROCK DEPOSITS 

W allrock deposits (fig. 2.2) are common in the West, 
but uncommon in the East, except for very small 
pockets in walls of direct-replacement and saprolitic 
deposits and a single large supergene willemite ore 
body at Balmat, N.Y. (Brown, 1936). 

W allrock pockets, casings, blankets, veins, and pipes 
of supergene zinc ores in carbonate rocks below and 
adjacent to leached sulfide bodies comprise some of the 
largest and richest deposits in the ·vvest, such as Lead
ville, Colo. (Loughlin, 1918); Magdalena, N. Mex. 
(Loughlin and l(oschmann, 1942); Goodsprings, Nev. 
(Hewett, 1931); and Cerro Gordo, Calif. (I(nopf, 
1918). The main minerals in these bodies common~.y 
are smithsonite, hemimorphite, limonite, calcite, and 
jasperoid in massive, lamellar, and vuggy masses re
placing barren limestones (fig. 2.2). Chalcophanite, 
hydrohetaerolite, and sauconite are also abundant 
where manganese and silica are present, as at Leadville, 
Colo., and Tintic, Utah (Loughlin, 1914). In the 
Basin and Range province, where oxidation and leach
ing have been deep and intense over long periods, 
hydrozincite and aurichalcite occur in commercial 
quantities; for reasons unknown, hydrozincite is nearly 
restricted to the northern parts of that province. Wall
rock deposits contain very little of the gold, silver, lead, 
vanadium, molybdenum, antimony, and arsenic typical 

of direct-replacement deposits. 'Vhere leached to a 
gossan, vuggy and concentrically banded limonite and 
jasperoid contain a little hemimorphite. 

SAPROLITIC ACCUMULATIONS AND RESIDUAL 
DEPOSITS 

Saprolitic accumulations (fig. 2.3) and residual de
posits are restricted to the East-the former to the 
warm and humid Ridge and Valley province. Sapro
litic accumulations include residual as well as rede
posited masses of smithsonite, hemimorphite, and 
locally, sauconite collected partly in saprolite and in 
cmnpacted clay-filled solution pockets between buried 
pinnacles of unweathered limestone. The supergene 
minerals are derived from lean disseminated or mas
sive sphalerite in unweathered limestone pinnacles, 
such as at Austinville and Bertha, Va. (vVatson, 1905, 
p. 78-92). The unfractured sulfide-bearing limestone 
in the warm, wet climate is rapidly dissolved into pin
nacles and pockets by abundant vadose waters (pH 
4-5) ; along fractures residual limestone solution-clay 
slumps into pockets, intermingled with limestone 
saprolite still in place. Smithsonite replaces part of the 
sphalerite and remains as residual masses embedded in 
the clayey pockets. Some zinc dissolves in vadose wa
ters but is redeposited as smithsonite, hemimorphite, 
and sa.uconite near the bottoms of the pockets when 
accumulated solutions become saturated 1n z1nc. 

CONCLUSIONS 

The study shows that supergene zinc deposits most 
commonly directly replace the sulfide deposits, and 
they show regional patterns of geology dependent on 
(a) pl-I, rainfall, and climatic factors; (b) wall rocks 
and geologic variations between metallogenetic prov
inces. Deposits in noncarbonate wall rocks are fairly 
common, and many western deposits contain complex 
minerals previously thought to be uncommon. 
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3. LITHOFACIES OF THE COPPER HARBOR CONGLOMERATE, NORTHERN MICHIGAN 

By ''TAr.:l'ER S. 'VniTE and JAMES C. 'VRIGHT, Beltsville, Md., and Denver, Colo. 

The Copper I-Iarbor conglomerate of northern l\1ichi
gn.n crops out along the south limb of the Lake Su
perior syncline from Keweenaw County westward 
through Gogebic County, :Mich. (fig. 3:1), and along 
its north 1 imb on Isle Royale. The formation, which is 
of late ICeweenawan age, is underlain by the Portage 
Lake lava series, a thick sequence of flood basalts of 
middle Ke'.veenawan age, and overlain by the Nonesuch 
shale and the Freda sandstone of late ICeweenawan 
age. The formation interfingers slightly with both the 
overlying shale and the underlying la.va. 

The Copper I-Iarbor conglomerate consists chiefly of 
red to brown arkosic conglomerate and sandstone, ce
mented with calcite and laumontite; most of its pebbles 
are of rhyolite, a few are of mafic lava, and other types 
are rare. Locally it contains interbedded groups of 
mafic and rhyolitic lava flows, and a very little red 
shale and volcanic ash. The ash, which contains mont
morillonite and tiny books of biotite, was observed in 
only seven beds in a series of holes drilled through the 
formation at Calumet. 

The distribution of the principal rock types in the 
formation is portrayed in figure 3.2. East of I-:Ioughton 
the contacts are based on detailed mai)ping (much of 
it by li. R. Cornwall), supported by airborne magne
tometer traverses in areas under Lake Superior. The 
relative proportions of sandstone and conglomerate 
are not known everywhere east of I-Ioughton, but con-

glomerate predominates where no pattern is used. 
The persistent sandstone unit shown in the lower part 
of the formation throughout ICeweena w County is 
based on a few outcrops and on prominent topographic 
expression (Corn wall, 1954). 

'Vest of Houghton, exposures are generally poor and 
only a few small areas have been mapped in detail. 
The thickness of the formation and of its subdivisions 
at various places has been determined from breadth of 
outcrop. Our own field data are supplemented by scat
tered observations recorded in many published reports, 
and by the results of an airborne magnetometer survey 
of part of the area by the U.S. Geological Survey. 

The Copper Harbor conglomerate thins markedly at 
Houghton, where the formation appears to lap up on 
a ridge of the underlying lavas. This ridge is the 
product of differential uplift, most of which occurred 
during the first half of Copper Harbor time; the base 
of the formation is parallel with the two persistent con
glomerate beds in the underlying lava. series, but its 
top is not (see fig. 3.2). 

Most of the thick accumulation of rhyolite that 
makes up a large part of the formation in western 
Ontonagon County is believed to consist of rhyolite 
flows that piled up elose to their source. The area in 
which the rhyolite is thick and the overlying conglom
erate is thin (as little as 500 feet thick in places) is 
roughly outlined by a dashed line in figure 3.1; just out-
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FIGURE 3.1.-Distribution of Copper Harbor conglomerate and its oriented sedimentary structures. 1, Jacobs-· 
ville sandstone ; 2, Nonesuch shale and Freda sandstone ; 3, Copper Harbor conglomerate ; 4, Portage Lake 
lava series and lavas in lower part of Copper Harbor conglomerate; 5, average direction of current flow 
shown by crossbeds in conglomeratic sandstone; number beside each arrow gives the number of individ
ual observations included in average; 6, average direction of current flow shown by crossbeds in "red 
facies" ; 7, direction of current flow indicated by imbrication of pebbles ; 8, limit of thick mass of extrusive 
rhyolite. 

side this area, the conglomerate is 2,000 to 3,000 feet 
thick. 

The directions of the currents that deposited the con
glomerate were determined from the attitudes of cross
beds, and, at one place near Houghton, from that of im
bricated pebbles. Though many of the samplings of 
attitudes are small, and some a.re known to be biased 
because of the nature of the exposures, the measured 
directions indicate clearly, when taken together, that 
the conglomerate was deposited by northward flowing 
currents, in contrast with the rocks to be described next. 

A separate facies of the Copper Harbor conglomer
ate, here designated the "red facies," is exposed in at 
least the western third of the area shown in figure 3.1. 
The dominant rock of this facies is platy fine- to me
dium-grained sandstone, redder than the rocks of the 
formation as a whole. This red sandstone occurs in 
thick sequences with very little interbedded conglomer
ate, and its statigraphic position is not everywhere the 
same. In Gogebic County it occurs only in the upper
most 200 to 500 feet of the formation (fig. 3.2), but at 
the Mendenhall location 250 feet or more of red platy 

sandstone underlies 500 feet of conglomerate and coarse 
brownish-red sandstone. North of W'hite Pine, north 
of the line of figure 3.2, rocks of the red facies occur 
from 300 to at least 1,000 feet below the top of the 
formation. The currents that deposited the rocks of 
the red facies flowed southward, as indicated in figure 
3.1 by arrows with dashed-line shafts. 

The Lake Superior basin was at least 60 or 70 miles 
across in late l(eweena wan time. The conglomerate 
facies is interpreted as a piedmont fan, deposited by 
northward-flowing streams at the foot of hills along 
the southern margin of this basin. The great central 
expanse of the basin presumably had a more ne.arly hor
izontal surface, covered by finer grained sediments de
posited on flood plains or in standing water. The red 
facies is interpreted as a flood-plain deposit, trans
ported by currents that locally, at least, flowed south
ward on this broad alluvial plain to deposit material 
against the toe of the fan. 

'Ve have suggested previously ('Vhite, 1960) that the 
copper in the base of the Nonesuch shale at White Pine 
and elsewhere (vVhite and Wright, 1954, p. 715-716) 
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may have been deposited from connate water, squeezed 
out of the I\:eweenawan sedimentary rocks during com
paction and diagenesis. This source of water would be 
very large and suitably located if the coarse-grained 
facies of the Copper Harbor conglomerate does .indeed 
give way to fine-grained sediments in the central part 
of the Lake Superior basin, far down the dip from the 
copper deposits. The thick pile of rhyolite outlined by 
the dashed line in figure 3.1 may have acted like a 
buried hill to intensify the flow of water up into the 
Nonesuch shale; this mechanism could help explain the 

unusual concentrations of copper close to the border of 
the thick mass of rhyolite. 
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4. RELATION OF THE COLORADO MINERAL BELT TO PRECAMBRIAN STRUCTURE 

By OGDEN TwETO and P. K. SIMS, Denver, Colo. 

Work done in cooperation with Colorado SC.ate Metal Mining F1tnd Board 

The narrow northeast-trending Colorado mineral 
belt is characterized by intrusive porphyries and asso
ciated ore deposits of Laramide age, and in some places 
by fissures and faults of northeasterly trend. All the 
major mining districts of Colorado, except the uranium 
districts of southwestern Colorado and a few mining 
districts associated with isolated volcanic centers, such 
as Cripple Creek, ate in this belt. 

The mineral belt extends diagonally across the gen
era1ly north-trending mountain ranges of the State for 
a distance of 250 miles-from the Front Range in cen
tral Colorado southwestward across the Park and 
Sawatch Ranges to the San Juan Mountains (fig. 4.1). 
It thus cuts indiscriminantly across the geologic grain 
of the State, occupies several different geologic environ
ments, and seems to be independent of the present 
mountain structure. 

Although the most conspicuous features of the min
eral belt are of Laramide age, the belt follows an 
ancient zone of weakness defined by northeast-trend
ing shear zones of Precambrian age, which form an 
echelon pattern in a strip that is nearly coextensive 
with the mineral belt. J\1any of these zones have not 
yet been fully mapped, but major shear zones of this 
group have been studied in detail in two areas-on 
the eastern flank of the Front Range (J\1oench, Har
rison, and Sims, 1954, 1958; Sims, J\1oench, and Har
rison, 1959; Harrison and 'Vells, 1959; .J. D. Wells 
and D. M. Sheridan, oral communication, 1959) and in 

the northern part of the Sawatch Range (Tweto and 
Pearson, 1958). In the eastern part of the Front 
Range is the Idaho Springs-R.alston shear zone, 
marked by cataClasis and related small-scale cross folds, 
which lies along the southeastern side of the mineral 
belt (fig. 4.1). In the Sa watch Range, there is the 
composite Homestake shear zone which comprises 
dozens of individual shear zones in a belt 7 or 8 miles 
wide. In the Park Range, which lies between the Front 
and Sawatch Ranges, the northeast-trending line of 
shearing is interrupted by a major cross-trending shear 
zone, of Precambrian age, which localized the Gore and 
Mosquito faults in Laramide time. Lesser cross faults 
of northwest trend are numerous in the Front Range, 
where they are krwwn as breccia reefs (Lovering and 
Goddard, 1950). These faults originated in Precam
brian time but are in general younger than the north
east-trending shear zones, and many of them were re
activated during the Laramide. 

Intermittent movement has occurred in the shear 
zones through most of the geologic time recorded in 
the region. Primary folds in the oldest metamorphic 
rocks, some of them oriented in stress fields confined to 
the shear zones, indicate that the shear zones existed 
at the stage of deformation by plastic flow. At a later 
stage, when pressure was less intense and temperature 
lower, shearing took place by fracturing and locally 
by minor cross-folding. Early fracturing occurred be
fore the metamorphic environment had permanently 
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disappeared, and rocks formed at this stage are reor
gn.nized and recrystallized gneisses. Later shearing 
yielded cataclastic gneisses, mylonite, broad granulated 
zones, and locally pseudotachylyte. Still later, but still 
in the Precambrian, gouge, breccia, and fault zones 
were formed, partly by the degradation of earlier shear 
products of higher rn.nk. 

Differential movements in parts of the regional 
zone of shearing continued intermittently through 
Paleozoic and ~1esozoic time, mostly on a minor scale, 
as recorded by thinning, wedgeouts, and changes in 
facies of several sedimentary formations along the 
shear zone. In some places the shear zones formed a 
sharp border between the persistent positive and nega
tive areas that existed in Colorado during Paleozoic 
and Mesozoic time. 

5M753 0-60--2 

'Vith the onset of the Laramide orogeny, magma in
vaded the regional zone of shearing and imparted to it 
the conspicuous features that characterize the mineral 
belt-intrusive igneous bodies and ore deposits. Fault 
movement took place along the zone at this stage also 
but was in general on a smaller scale than it had been 
previously. Reasons for the appearance of magma in 
the ancient zone of weakness at this time, and the proc
esses by which it yielded a large family of porphyries 
and a remarkable variety of ore deposits, are major 
problems remaining for investigation. 
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. 5. PRE-ORE AGE OF FAULTS AT LEADVILLE, COLORADO 

By OGDEN TwETO, Denver, Colo. 

Work done in cooperation with Colorado State Metal Mining Fund Board 

In the Leadville mining district, Colorado, sedimen
tary rocks of Paleozoic age dip gently eastward and are 
broken by many faults, most of which are upthrown to 
the east. Porphyries of Laramide age form sills, dikes, 
and irregular bodies that cut the sedimentary rocks in 
an intricate pattern. Although the porphyries-pre
sumably derived from the same source as the ores
are all older than the ores, they are in general only 
weakly mineralized; the ore deposits are largely re-
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stricted to the sedimentary rocks in layers and blocks 
between bodies of porphyry. Faults displace many 
ore bodies, and for this reason many major faults of 
the district have been regarded as younger than the 
ores (Emmons, 1886; Emmons, Irving, and Loughlin, 
1927). Recent studies within the Leadville district and 
north of it have revealed, however, that practically all 
the faults originated before the ore, although many un
derwent renewed movement during a post-ore stage. 
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FIGURE 5.1.-Cross-section sketches of relations between porphyry bodies and faults in the Leadville district, Colorado. Igne
ous rocks patterned and numbered; sedimentary rock units blank and lettered. 
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The faults are dated by their relations to intrusive 
porphyries. Some 25 or 30 distinct varietieS of por
phyry are recognized in the area, and about 15 of these 
show clear-cut age relations with respect to one another 
and hence can be fitted into an age sequence. Mem
bers of this sequence show many different kinds of re
lations to faults. Some varieties of porphyry are dis
placed by some faults but not by others; others are dis
placed by almost every· fault they intersect, and still 
others by very few. Similarly, individual faults dis
place some porphyries but guided the emplacement of 
others arid are cut by still others. Relations such as 
those sketched in figure 5.1 indicate that many of the 
faults existed at the time certain porphyries were em
placed, and that movement recurred on some faults dur
ing the period of porphyry emplacement. Clearly, both 
the faults and the porphyry bodies of the areas are 
products of the same general phase of the Laramide 
orogeny, and the porphyry sequence can thus be used 
as a time scale both to determine relative ages of faults 
and to trace evolution of the fault pattern. 

Results of such dating are shown in simplified form 
in figure 5.2 which illustrates the extent of faulting at 
four different stages during the period of porphyry em
placement. Some of the faults might be older than the 
ages assigned them, as they are dated only by relatively 
young members of the porphyry·sequence, but they cam.
not be younger. On the other hand, the age of many of 
the faults is closly bracketed; the faults displace cer
tain porphyries but guided the emplacement of other, 
younger ones. 

Except as simplified because of scale, the fault pattern 
shown in the top diagram of figure 5.2 is the one that 
exists today. Yet the pattern was achieved before the 
'period of porphyry intrusion came to an end, for some 
of the youngP.st porphyries locally obliterate the faults. 
These youngest porphyries, like the others, are hydro
thermnJly altered and weakly mineralized; they are 
cleady older than the ore. This being so, the faults all 
originated before the ore, although many have a his
tory of movement that extends virtu.ally to the present. 

Faults that existed a.t the ore-depositing stage could 
affect the original distribution of ore, as many obvious
ly did, and yet the resulting ore bodies could later have 
been displaced by renewed movement on these same 
faults. 
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at successive stages defined by the sequence of porphyries. 
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6. PRE-ORE PROPYLITIZATION, SILVERTON CALDERA, COLORADO 

By WILBUR S. BURBANK, Exeter, N.H. 

Work done in cooperation with the Colorado State Metal Mining Fund Board 

Several types of rock alteration, such as argillization, 
sericitization, and silicification that are closely related 
to ore deposition (Ransome, 1901; Burbank, 1941 and 
1950), have been recognized in the Silverton caldera and 
surrounding area, northwestern San Juan Mountains, 
Colorado. Some alteration of the layered succession of 
calc-alkaline lavas and related pyroclastic rocks of late 
Tertiary age undoubtedly occurred during the period 
of eruptions. However, of principal concern here is the 
propylitic or quartz-carbonate-chlorite type of altera
tion that took place mostly prior to, but in part during, 
the period of ore deposition. This type of alteration 
becomes more pronounced with depth in certain parts 
of the caldera, and grades to a quartz-carbonate-albite
epidote-chlorite type analogous to the albite-epidote 
hornfels facies of low-grade contact metamorphism. 
Carbonate is locally either absent or a minor constituent 
in the albitic type. Pyrite is present in small quantities 
in much of the propylitized rocks. 

Problems involved in the alteration include: (a) the 
depth and source of the altering agents, (b) the reasons 
for its post-volcanic and pre-ore position in the sequence 
of events, and (c) the mechanism of pervasive penetra
tion of altering agents in the pores of many massive 
rocks whose initial permeability to liquid solutions must 
have been vanishingly low. Diffusion processes in a 
static medium occupying the rock pores are tentatively 
ruled out because of the extreme slowness of such proc
esses, the highly pervasive nature of the alteration, and 
the belief that except in near-surface positions the pores 
of the heated volcanic rocks nearby and within the 
caldera could not have been initially saturated ~ith 
aqueous liquids. 

Propylitic alteration has affected many cubic miles of 
volcanic rocks throughout and beyond the caldera. 
Carbon dioxide is believed to have been a major con
stituent of the agents of rock alteration although other 

. gases undoul;>tedly were present. Estimates of carbon
ate formed range from 2 to 5 percent (equivalent to 
100 to 250 feet of limestone per mile of rock) ; this 
amount is far greater than can be accounted for by ther
mal metamorphism of any known basement rocks. 

During volcanism the gases tended to become dissi
pated rather than entrapped due to the highly explosive 

nature of many of the eruptions. Injections of clastic 
dikes composed of Precambrian rock fragments are in
dicative that gas pressures in the basement rocks tended 
to reach culmination during earlier stages of propylitic 
alteration. Intense propylitic alteration, following ces
sation of volcanic eruptions, may be attributed in part 
to final sealing of the vents. The occurrence of a partly 
carbonatized and mineralized breccia pipe at the edge of 
a gabbroic and granodioritic stock northwest of the Sil
verton caldera suggests that the primitive magmas were 
of similar composition, and that the propylitization 
was related to deep-seated crystallization and differen
titation of such magmas. 

The amounts of H 20, C02, and S2 in basaltic magmas 
and in their siliceous differentiates suggest that gases 
rich in C02 would be expelled during crystallization 
(Sheperd, 1938; Rubey, 1951, p. 1136, fig. 4). The ex
pulsion of C02 also is suggested by the work of Morey 
and Fleischer (1940) on the system C02-H20-K20-
Si02, which shows that the solubility of C02 in alkali 
silicate solutions decreases much more rapidly than that 
of H20 as the silica content of the solution increases. 
They conchided (1940, p. 1056) that this process prob
ably would apply to more complex silicate mixtures. 
Garrels and Richter ( 1955) presented data to support 
the possibility that carbon dioxide could exist as a sep
arate phase in comparatively shallow environments be
cause of the low mutual solubilities of C02 and H20. 

It is postulated that the evolved gases invaded the 
deeper parts of the caldera and surrounding ground 
through previously heated rocks deficient in uncom
bined water, and that the gradients of pressure were es
tablished in a pervasive gas phase composed mainly of 
carbon dioxide. Alteration is inferred to have taken 
place in an open system by a series of coupled conden
sations and vaporizations in rock pores under osmotic 
conditions and under control of physical and chemical 
adsorption in capillary and sub-capillary spaces. Re
current actions are interpreted to consist of : (a) con
clensation of gases in locally adsorbed water films; (b) 
partial solution of silicate minerals by the condensates; 
(c) mixing of saturated condensates with other droplets 
of liquid forced along by gas pressures; and (d) re
action in these mixtures causing precipitation of new 
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minerals. Continuous attack by new condensates of the 
active gases would maintain a certain degree of per
meability by solution of country rock and re-solution 
of precipitated material which would allmv egress of 
solutions saturated with products of rock decomposi
tion. These solutions were forced by e.xpanding gases 
into newly fractured rock and reopened fissure systems 
in numerous and repetitive stages of adjustment 
throughout this period of late activity. 

The resulting reactions between the gases, liquid con
densates, and solids could have caused widespread and 
highly pervasive propylitic alteration. Most of the pro
pylitized rocks are considered as an arrested stage of 
development in this reaction. The carbonatized and 
chloritized breccia pipe possibly represents the end 
stage of development-the result of long continued 
a.nd concentrated passage of altering agents within 
a restricted volume of rock. 

REFERENCES 

Burbank, ,V, S., 1941, Structural control of ore deposition in the 
Red Mountain, Sneffels, and •relluride districts of the San 
Juan Mountains, Colorado: Colorado Sci. Soc. Proc., v. 14, 
no. 5, p. 141-261. 

-- 1950, Problems of wall-rock alteration in shallow vol
canic environments: Colorado School of Mines Quart., v. 
45,no. 18,p.287-319. 

Garreis, R. M., and Richter, D. H., 1955, Is carbon dioxide an 
ore-forming fluid under shallow-earth conditions?: Econ. 
Geology, v. 50, p. 447-458. · 

Morey, G. W., and Fleischer, Michael, 1940, Equilibrium between 
vapor and liquid phases in the system C02-H20-K20-SiO:~: 
Geol. Soc. America Bull., v. 51, p. 1035-1058. 

Ransome, F. L., 1901, A report on the economic geology of the 
Silverton quadrangle, Colorado: U.S. Geol. Survey Bull. 182, 
265 p. 

Rubey, W. W., 1951, Geologic history of sea water: Geol. Soc. 
America Bull., v. 62, p.1111-1147. 

Shepherd, E. S., 1938, The gases in rocks and some related prob
lems: Am. Jour. Sci., 5th ser., v. 35A, p. 311-351. 

7. RING-FRACTURED BODIES IN THE SILVERTON CALDERA, COLORADO 

By RoBERT G. LUEDKE and WILBUR S. BURBANK, Washington, D.C. and Exeter, N.H. 

Work done in oooperation with the Colorado State MetaZ Mining Fund Board 

The Silverton caldera, in the northwestern part of 
the San Juan 1\1ountains, Colorado, is a nearly circular 
volcanic center about 12 miles in diameter, filled with 
a layered succession over a mile thick of calc-alkaline 
lavas and related pyroclastic rocks of late Tertia~ry age. 
These rocks were complexly faulted and tilted by re
peated upthrust and collapse during and after subsi
dence of the main caldera floor. Within the margin of 
the caldera is a great zone of ring faults, as much as 
two miles wide, into which many pi pel ike bodies of 
quartz latite, rhyolite, and breccia were intruded, after 
the main episodes of extrusive.activity. The intrusion 
of these rocks was followed by alteration and mineral
ization. 

Several smaller· bodies of ring-fractured ;rock, each 
about a mile in diameter, are located in an apparently 
random fashion -\vithin the northern part of the cal
dera. Discontinuous ring fractures and faults around 
each of these bodies are superimposed upon pre-exist
ing structural features of the caldera without greatly 

disturbing them, though some early-formed shear zones 
and tilted blocks are slightly offset by the faults. 
Planar flow structures of the volcanic rocks within 
some of the tilted blocks locally dip inward from the 
arcuate breaks. Many of the veins and altered zones 
cross these ring-fractured bodies with little or no deflec
tion in trend. 

These ring-fractured bodl.es are neither volcanic 
vents nor intrusive plugs; they are cylindrical columns 
of the country ~rock that were pushed up by magma, and 
that collapsed when magma was withdrawn and up
ward pressure released. The net downward displace
ment of the layered volcanic rocks amounted to as much 
as 200 feet. Their collapse was accompanied locally 
by minor injections of quartz latite and rhyolite into 
ring fractures and other fissures. 

A possible cause for the inferred withdrawal of 
magma might have been the intrusion of the pipelike 
bodies into the major ring-fault zone of the caldera. 
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8. RELATION OF MINERALIZATION TO CALDERA SUBSIDENCE IN THE CREEDE DISrfRICT, SAN JUAN 
MOUNTAIN~ COLORADO 

By THOMAS A. STEVEN and JAMES C. RAm, Denver, Colo. 

Work done in cooperation wit,h the Colorado State Metal Mining Fnnd Board and U.S. A.tomio Energy Commission 

Detailed study of the volcanic rocks in the central 
San Juan Mountains has defined a subcircular caldera 
about 10 miles in diameter, which we have called the 
Creede caldera after the nearby town and mining dis
trict. The ores in the Creede district are localized along 
faults in a complex graben that extends outward from 
the caldera; these faults were active many times while 
the caldera area was subsiding but mineralization did 
not take place until the last main period of fault. 
movement. 

The volcanic rocks exposed in this area include the 
upper units of the Potosi volcanic series of Larsen and 
Cross (1956, p. 30-167), and the younger Fisher quartz 
latite and Creede formation. The volcanic sequence 
we have determined, however, differs considerably 
from that defined previously in the San Juans, and in 
this paper informal local names are applied to most of 
the units. 

The oldest rocks exposed near Creede formed prior 
to any known caldera subsidence, and they record con
current accumulation from several volcanic centers. 
We have no knowledge of the original extent of any of 
these formations; only those parts of these and the suc
ceeding formations that we know or can reasonably 
extrapolate are shown by pattern on figure 8.1. The 
accumulation centering on Bachelor Mountain (fig. 
8.1A) is more than 3,500 feet thick, and consists of 
welded rhyolite tuff grading up into non-welded pumi
ceous tuff. To the northeast, the Bachelor Mountain 
rocks intertongue with a great sequence of quartz 
latit~c welded tuffs more than 4,000 feet thick. To the 
west, Bachelor Mountain rocks overlie a local rhyolitic 
accumulation, and intertongue with quartz latitic lava 
flows and breccias derived from a source west of the 
Creede district. 

The pumiceous eruptions of the Bachelor Mountain 
volcano culminated in the collapse of the probable vent 
area and in the development of several north-northwest 
trending normal faults (fig. 8.1B). The exposed mar
gin of this early caldera is characterized by pervasively 
brecciated rock passing outward into strongly sheeted 
rock. 

The early caldera stage was followed by renewed 
eruptions of rhyolitic magma that deposited great 

sheets of welded ash flows over most of the Creede area 
(fig. 8.10). These rocks have a maximum aggregate 
thickness exceeding 2,500 feet. Southeast of Creede 
they are interlayered with quartz latitic lava flows and 
southwest of Creede are intertongued with dacitic flows 
and breccias. The main Creede caldera probably origi
nated as a result of these rhyolitic eruptions, as some 
faults along the eastern margin of the caldera were 
active at this time. 

Great volumes of quartz latitic ash (fig. 8.1D) were 
erupted following the rhyolitic intracaldera stage. 
Outside the main Creede caldera, the quartz latites form 
widespread sheets of tuff and welded tuff more than a 
thousand feet thick. Within the caldera, at least 6,000 
feet of quartz latitic welded tuff is exposed, and the 
total thickness may be much greater. Intertongued 
landslide and talus breccia from the caldera walls indi
cate that at least the upper several thousand feet, and 
perhaps all of the observed caldera fill is younger than 
the welded tuffs of the rhyolitic intracaldera stage. 

Caldera subsidence stopped sometime following the 
quartz latitic eruptions, leaving a broad, flat-floored 
caldera with outward extending grabens (fig. 8.1E). 
Breccias derived by avalanching from the caldera walls 
spread over at least part of the caldera floor. The core 
of the caldera was domed (fig. 8.1F), probably by mag
matic intrusion, and a complex graben formed along 
the crest of the arch. 

Viscous quartz latitic lava was erupted along the 
broken margin of the caldera to form local flows and 
domes of Fisher quartz latite, and stream and lake sedi
ments and travertine accumulated elsewhere around the 
domed core to form the Creede formation. 

Following Fisher volcanism and Creede alluviation, 
the graben extending northward from the caldera (fig. 
8.2 ) was again broken. This was the last major struc
tural event in the area, and it is of particular impor
tance as the faults active at this time were extensively 
mineralized to form the major lead-zinc-silver deposits 
in the Creede district. 

The main displacement on the Creede graben has 
been on two pairs of faults with opposing dips. The 

· core of the graben is bounded on the east by the Ame
thyst fault, which originated during early caldera sub-
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sidence and was recurrently active until after the Creede 
formation was deposited. The Bulldog Mountain fault 
zone on the west side of the core apparently originated 
during early caldera subsidence when the west side was 
down thrown; later movement reversed the direction of 
displacement along the mapped faults (fig. 8.2). The 
Alpha-Corsair fault near the west margin of the graben 
hnd its mnin movement after the Creede formation 
was deposited, but it followed the trend o:f an older 
series of echelon fissures marked by dikes. Movement 
on the Solomon-Holy Moses fault zone on the east side 
of the graben cannot be dated closely, nor is it known 
whether fnulting took place during more than one 
period. 

Mine production in the Creede district has come from 
three of the four main fault zones in the graben, and 
from disseminated deposits in the Creede formation. 
The Amethyst fault and related fractures have pro
duced about $55,000,000 worth of metals, and the Alpha
Corsair and Solomon-Holy Moses fault zones about 
$()00,000 n,nd $2,200,000 worth respectively. The Monon 

Hill area has produced about $800,000 worth of metals 
from basal beds in the Creede formation where it rests 
on a highly faulted segment of the caldera margin. 

The Bulldog Mountain fault zone appears to be the 
most favorable structure to prospect in the Creede 
district. It is a major :fault zone with recurrent move
ment that bounds the west side of the core of the graben, 
and is thus comparable in several respects with the 
highly productive Amethyst fault zone. Prospecting 
to date has been confined to near-surface formations 
which are underlain by soft tuffs that may have inhib
ited passage of mineralizing solutions. Important ore 
bodies are more likely to be found at depth, where the 
rocks are the same hard rhyolites that enclose the ore 
bodies on the Amethyst, Alpha-Corsair, and Solomon
Holy Moses fault zones. 

REFERENCE 
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9. ALINEMENT OF MINING DISTRICTS IN NORTH-CENTRAL NEVADA 

By RALPH J. RoBERTs, Menlo Park, Cali:f. 

Work done in cooperation with the Nevada Bureau of Mines 

The mining districts of north-central Nevada are lo
calized by major structural features. One of these is 
the Roberts Mountains thrust fault, on which clastic 
and volcanic rocks of early and middle Paleozoic age 
(western assemblage) have ridden eastward over cor
relative carbonate rocks (eastern assemblage) (Roberts 
and others, 1958). The thrusting took place in Missis
sippian time, at the culmination o:f the Antler orogeny; 
post-thrust .uplift and doming caused the upper plate 
to be locally removed by erosion, so that carbonate rocks 
of the lower plate were exposed in windows. As the 
principal mining districts are in and around these win
dows, study of the origin and history of the windows 
will shed light on the regional and economic geology of 
the area. 

Recent mapping in Eureka County ai}d adjacent 
areas has shown that the windows are alined in two 
north west-trending belts, and that they contain many 
of the intrusive bodies (Roberts, 1957). The western, 
or Shoshone-Eureka belt, extends from the Shoshone 

Range southeastward to the Eureka district, and the 
other, the Lynn-Pinyon belt, from the Lynn district 
south-southeastward to the Railroad district (fig. 9.1). 

SHOSHONE-EUREKA BELT 

The Shoshone-Eureka. belt includes the Goat Ridge, 
Red Rock, and Gold Acres windows in the Shoshone 
Range (J. Gilluly, written communication, 1958), the 
Cortez window in the Cortez Mountains, the Keystone, 
Tonkin, J -D, and Windmill windows in the Simpson 
Park Mountains, and the Roberts Mountains window in 
the Roberts Mountains. Lone Mountain also appears 
to be a window (C. ,V. Merria.m, ora.l communication); 
and the rocks of the Eureka district may have been 
partly covered by the Roberts Mounta.ins thrust plate. 

vVindows in which the ore deposits were mainly in 
the carbonate rocks of th~ lower plate are the Cortez 
and Lone Mountain windows; the ore bodies in the 
Eure·ka district also are in carbonate rocks. The Cortez 
window contains the Cortez district, a major silver-
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lead producer between 1870 and 1920. Most of the ore 
bodies mined were in or near fault zones that cut car
bonate rocks. Lone Mountain, a block of carbonate 
rocks bordered on the northeast, east, and southeast by 
rocks of the upper plate, has yielded a small tonnage 
of zinc carbonate ore from bodies in Devonian lime
stone. The rocks in the Eureka district may not have 
been completely covered by the upper plate, but they 
appear to have been domed like those in the windows 
along the belt to the northwest. More than $52,000,000 
in silver, gold, lead, and zinc ore was produced in this 
district, mostly between 1870 and 1900; it came chiefly 
from the Eldpra.dp and I-I~.rnburg dolomites, of Cam-
brian age. 1 0 13g · 

Other windows in the Shoshone Range that contain 
ore deposits nre the Gold Acres window in breccia 
nJong the thrust, and the Lewis and I-Iilltop districts 
in the upper plate rocks. The Gold Acres window con
tains the Goldacres mine, which has yielded a significant 
production in gold beginning in 1934. The ore is mostly 
in the brecciated zone along the Roberts ~fountains 
thrust (Keith J(etner, oral communication). The Lewis 

·and ~Hilltop districts are in clastic a.nd volcanic rocks of 
the upper plate, presumably not far from the thrust. 
The Battle ~fountain district northwest of the Shoshone 
Range, is also ·in this belt. It is mainly underlain by 
western assemblage rocks of early Paleozoic age, pre
sumably exposed by warping of the kind indicated by 
windows to the southeast. 

LYNN-PINYON BELT 

The Lynn-Pinyon belt (fig. 9.1) includes .the Lynn 
and Carlin windows in the Tuscarora Mountains and 
the Pinyon window (formerly. called the Bullion win
dow) in the Pinyon Range .. The Lynn window con
tains the Lynn district, which produced a small quantity 

The ~1ineral Hill and Union districts, in carbonate 
rocks of the lower plate, south of the Pinyon window in 
the Sulphur Spring Range, have yieldeq silver.:lead
zinc ore. These districts lie between the Shoshone
Eureka and Lynn-Pinyon belts, and possibly are on a 
separate, less distinct, belt. 

ORIGIN AND mSTORY OF THE WINDOWS 

The windows are the result of doming of the Roberts 
Mountains thrust. Part of the doming may have oc
curred during or shortly after thrusting, but part of it 
may have occurred much later. Evidence that some 
doming occurred shortly after the thrusting is found 
in the north end of the Monitor Range, where coarse 
clastic rocks of Permian age containing carbonate 
boulders (eastern assemblage) rest on rocks of the 
upper plate, and on the south side of Lone' Mountain, 
where similar clastics may rest on rocks of both the 
upper and the lower plate. The doming was later in
tensified during the emplacement of igneous bodies in 
late ~fesozoic a.nd early Tertiary time a.nd .during the 
uplift of the ranges in the Tertiary. 

The alinement of the windows indicates that the 
doming occtirred in zones of structural weakness in 
which movement has taken place interl'Il:ittently. We 
do not yet fully understand the nature of' the deforma
tion or know the precise date of its beginning, but 
clearly the zones of weakness and the windows along 
thein are penetrated by conduits along which igneous 
rocks and related ore-bearing fluids rose. , The zones 
proba.bly penetrate to great depths within the crust, and 
they possibly date back to Precambrian time. 

SUGGESTIONS FOR PROSPECTING 

of gold or~, mostly from veins that cut siliceous sh~le In prospecting within the windows and n~ar them, a 
and chert 111 the upper plate of the Roberts ~fountains special effort should be made to explore the lower units 
tl~ru~t. The ~Jloot~trap minefat-tne north en~ of the349 in the carbonate sequence, such as the Eldorado and 
district and Just north o~ ~l~e Eureka County hne, has Hamburg dolomites, for lead-zinc-silver ore bodies in 
produced gold ore from Sil~mfied zones along the thrust, promising structural settings such as fault intersections. 
from the. carbonate rocks In the lower plate,. and. from The rocks of the upper plate close to the thrust may 
altered d1kes that cut these rocks. The Carhn Window also be locally mineralized, especially near intrusive 
contains several properties that have yielded small ton- bodies. 
nages of silver and copper ores and barite. The Copper 3't 
!Pl"!g,!l1J.l.le is near the window, but is in the upper plate 
and about 200 feet above the thrust. The Pinyon win
dow contains the Railroad district, which has yielded a 
small amount of silver-lead and copper ore from veins 
and replacement ore bodies in carbonate rocks. 

-~ 
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10. MINERAL ASSEMBLAGE OF A PYROMETASOMATIC DEPOSIT NEAR TONOPAH, NEVADA 

By R. A. GuLBRANDSEN and D. G. GIELOW, Menlo Park, Calif. 

Pyrometasomatic deposits in a limestone environ
ment commonly contain andradite and pyroxene 
(Knopf, 1942, p. 63). A deposit in Paymaster 
Canyon, about 31 miles southwest of Tonopah, Nevada, 
is typical in this respect, although· the pyroxene is an 
uncommon manganoan hedenbergite, heretofore found 
principally in a group of pyrometa:somatic zinc de
posits that extends from New Mexico to the central 
part of old Mexico (Allen and Fahey, 1957). The 
Paymaster deposit also contains an apparently rare 
zincian nontronite. 

The deposit was· first examined by J. E. Carlson 
and R. M. Smith of the U.S. Geological Survey, and 
a study of one of their specimens led to the identifica
tion of the manganoan hedenbergite. Additional 
samples, on which this preliminary report is based, 
were collected principally for a detailed study of the 
hedenbergite and for the identification of the associ
ated minerals. Because of limited sampling, the min
eral assemblage described here is probably incomplete. 

L9'?? The Paymaster deposit is on the west side of Pay
master Canyon, in sec. 2, T. 1 N., R. 40 E., Esmeralda 
County, and about a mile south of a contact, shown by 
Ball (1907, plate 1), between Cambrian sedimentary 
rocks and the granite of Lone Mountain. The deposit 
is a dikelike body about 10 to 15 feet wide, and is ex
posed for about two hundred feet at the surface. It 
extends along a fault separating Cambrian limestone 
from Cambrian shale, strikes N. 80° E., and is nearly 
vertical. 

The mineralized zone, where it is exposed in a pros
pect pit, consists principally of massive dark~green 
quartz-hedenbergite rock and massive olive quartz
andradite rock. Masses, of soft yellow zincian nontro
nite, as much as 1 or 2 feet across, occur along an ir
regular limestone contact. The nontronite also forms 
envelopes around small hedenbergite veins, and pseudo
morphs after coarsely bladed clusters of hedenbergit.e. 
Some small blocks of limestone appear to be completely 
enclosed by the rock of the mineralized zone and show 
sharp contacts with it. The contact between the shah:.. 
and the hedenbergite and andradite rocks appears 
sharp, and some of the dark-olive shale is bleached 
'white owing to the destruction of chlorite. Both the 
hedenbergite rock and the andradite rock contain 
quartz, sphalerite, galena, magnetite, and calcite, but 
sphalerite and galena are more abundant in the heden-

bergite rock. There is a noteworthy absence of pyrite 
and other iron sulfides. 

The minerals of the deposit have been identified 
principally by X-ray diffraction and X-ray spectro
graphic techniques. Table 10.1 shows X-ray diffrac-

TABLE 10.1.-X-ray diffraction data of manganoan hedenbergite 
and johannsenite 

Wide range diffractometer, Ni·filtered. Cu-radiation (>-.=1.54050 Angstrom units) 

Manganoan hedenbergite 8 J ohannsenite b 

d• d• 

6. 58 25 6. 59 15 
4. 76 45 4. 77 35 
4. 51 10 4. 54 10 
4. 28 5 4. 27 10 
3. 34 10 3. 34 20 
3. 27 20 3. 28 25 
3. 001 100 3. 012 100 
2. 910 10 2. 915 15 
2. 587 15 2. 595 15 
2. 552 20 2. 550 30 

d2. 381 15 d2. 380 10 
d2. 342 5 d2. 343 5 
e2. 238 5 d2. 233 5 
2. 181 10 e2. 184 10 
2. 149 10 2. 155 15 
2. 124 10 2. 128 15 

Other peaks not measured 

8 Paymaster Canyon, sec. 2, T. 1 N., R. 40 E., Esmeralda County, Nevada. 
b Venetia, Italy. Collected by D. F. Hewett. Type specimen no. 6 (Schaller, 

1938). 
o Silicon used as a reference internal standard. Measured in angstroms. 
d Peak poorly defined. 
• Broad peak. 

tion data of the manganoan hedenbergite and of 
johannsenite, the calcium-manganese analogue of hed
enbergite. The johannsenite specimen 'vas kindly lent 
by D. F. Hewett and is part of one of the type johann
senite specimens (no.· 6) described by Schaller ( 1938). 
The X-ray data of the two minerals are very similar, 
but they differ markedly in composition. The johann
senite contains about 23 percent MnO and 5 percent 
FeO (Schaller, 1938, p. 580), whereas the manganoan 
hedenbergite contains about 9 percent MnO and 26 
percent FeO, as determined by X-ray spectrography. 
Composition and other properties will be fully re
ported when the work on the manganoan hedenbergite 
is finished. 
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The zincian nontronite is a montmorillonite-type 
clay mineral intermediate in composition between 
nontronite and sauconite. The basal .X-ray diffraction 
peak expands from about 14.8 A to 18 A ·after treat
ment with glycerol, a change typical of the montmoril
lonites. X-ray spectrography shows more iron than 
zinc, and the mineral is therefore a nontronite rather 
than the rarer sauconite. The mea.n index of refraction 
of the zincian nontronite is approximately 1.58. Much 
of the nontronite was undoubtedly derived from heden
bergite, as shown by its occurrence in pseudomorphs 
after hedenbergite, but some of it may have been de
rived from a.ndradite, like that occurring in the dry 
regions of central J(a.zakhstan (Ginzburg and Vitov
skaya, 1956). 

The unit cell size of the andradite, carefully meas
ured by .X-ray diffraction with silicon as an internal 
standard, is 12.057 A, with an estimated precision of 
+ .005 A. It is very close to the values reported by 
Skinner (1956, p. 429), which were 12.069, 12.064, and 
12.048, and indicates that the andradite here described 
is very near the end member in composition. 

The sphalerite of the deposit contains about 7.3 per
cent iron, as determined by X-ray spectrography with 
the use of chemically analyzed sphalerite standards. 
The temperature of formation of this sphalerite cannot 
be determined accurately from the data of J(ullerud 
(1959, p. 315), because the required iron sulfide phase 
n,ssociated with the spha.lerite is not present. The iron 
content of the sphalerite does make it possible, however, 
to estimate a minimum temperature of formation that 
is a little less than 400° C. Stone ( 1959, p. 1019), 
using l(ullerud's data, found that the sphalerite in a 
pyrometasomatic deposit in Mexico, which also con-

tains hedenbergite and andradite, formed at a tem
perature between 500° and 550° C. 

The economic value of the Paymaster deposit is not 
yet known, but an appraisal of the deposit's potential 
may be aided by noting another sitnilarity between the 
Paymaster and the deposits in New Mexico and Mexico. 
This is the tendency for sphalerite and pyroxene to be 
closely associated. It is so marked in the New Mexico
Mexico deposits that pyroxene appears to be a useful 
guide to ore (Allen and Fahey, 1957, p. 889). 
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11. SEDIMENTARY IRON-FORMATION IN THE DEVONIAN MARTIN FORMATION, CHRISTMAS QUADRANGLE, 
ARIZONA 

By RoNALD WILLDEN, Menlo Park, Calif. 

Sedimentary iron-formation was. discovered in July 
1959 in the upper pa1~t ·of the Martin formation, of 
Devonian age, in sec. 19, T. 2 S., R. 16 E., in the north
west part of the Christmas quadrangle, in Gila County, 
Ariz. (see fig. 11.1). The iron-formation occurs in a 
bed from 5 to 7 feet thick. This bed is traceable over 
a strike length of about 2,150 feet on the north side of 
Limestone ridge, where it.dips 40°-50° southwest. The 
oolitic bed lies at the base of a widespread shale unit. 
that is at the top of the Martin formation in much of 
the surrounding area, and is underlain by a buff to 

yellowish-brown fine- to medium-grained silty lime
stone. Hematite also occurs at approximately the same 
horizon in much of the northern part of the Christmas 
quadrangle, forming either crystalline nodules .in the 
buff limestone or a cement in a rather poorly sorted 
sandstone that intervenes, in some places, between the 
shale and limestone. 

The iron-formation consists of ooliths of hematite 
and chamosite in a matrix of calcite, dolomite, and 
quartz silt. Point counts on thin sections of rock from 
three horizons in the oolitic bed (near the top, at the 
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top of the lower third, and in the lowest 6 inches) 
show 49 to 58 percent ooliths, 33 to 42 percent cnrbon
lttes, :tnd 7 to 1.0 percent quartz. The ellipsoidal ooliths 
are 0.2 mm long and tend to lie parallel to bedding. 
X-ray diffraction patterns of the carbonates have char
acteristic calcite lines, but the principal dolomite line 
is displaced from the position for pure dolomite by 
about 0.2° toward a lower 2-thet~t value,' which may be 
due to some substitution of iron for magnesium. 

Partial chemical analyses by D. L. Skinner (written 
communication, February 1960) of 6 samples, give an 
iron content of 31.1 to 39.3 percent (table 11.1). X-ray 
spectographic analyses of 11 chip samples collected at 
about :tj2-foot intervals from across the bed at the same 
locality as' sample 1 (fig. 11.1) indicate iron content 
ranging from about 31 percent in the lower part' of the 
bed to about 40 percent at the top, with a maximum of 
46 to 49 percent in a 2-foot zone in the upper half. As
suming that the bed maintains a uniform length and 
thickness downdip, and that it has an average specific 

TABLE 11.1.-Iron content of 6 sa·ntples of oolitip iron-formation 
from the Devonian 1lf artin formation 

[Analyses by D. L. Skinner; reported as FezOa] 

Sample 1 Location Width Total Fe Total Fe 
(feet) as Fe20a 

}_ ________ About 210ft west of alluvial cover-----
2--------- --- .. do. ___ . __ . __ ---- •.. --.------------
3 z ________ 

_ .... do ..... --- .. __ -------------------. 
4 _________ 540ft west of sample!. ________________ 
5 _________ 360ft west of sample 4-----------------
6 _________ 1,040 ft west of sample 5---------------
7 _________ 325ft west of sample 6-----------------

1 Sample numbers same as on geologic map (fig. 11.1). 
2 Weighted average of samples 1 and 2. 

6 56.2 
44.4 

-----------· 
6. 2 56.0 

3 3.0 50.5 
5.0 50.9 
1.2 49.1 

39.3 
31.1 
38.1 
39.1 
35.3 
35.6 
34.3 

a Only lower 3 feet of bed could be sampled because upper part of section was 
covered with tightly cemented rubble. Bed is probably about 6 feet thick at this 
point. 

gravity of 3.19, there are about 1,250 tons of iron
formation per foot of depth. Owing to its low grade 
and small size this deposit probably cannot be profit
ably mined at the present time, but its existence justi
fies a hope that other and perhaps larger deposits may 
be discovered elsewhere in the Martin formation. 

12. EARLY TERTIARY VOLCANIC GEOLOGY OF AN AREA NORTH AND WESrr OF BUITE, MONTANA 

By HARRY W. SMEDES, Washington, D.C. 

Remnants of two unconformable sequences of early 
Tertiary volcanic rocks rest on the Boulder batholith 
and older rocks within a belt about 60 miles long and as 
much as 18 miles wide, which roughly parallels the 
northeast-trending axis of the batholith. The younger 
sequence is of rhyolite, and occupies principally the 
northeastern part of this belt; the older sequence is of 
quartz latite, and occupies principally the southwestern 
part. An unconformable contact between the rocks of 
the two sequences is exposed in the Champion Pass 
area, about 19 miles north of Butte. Rocks of the older 
sequence, which are the principal topic of this paper, 
occupy an area of about 400 square miles and have a 
composite thickness of more than 6,000 feet. The lith
ology, and structural and stratigraphic relations of 
these volcanic rocks, and their known or inferred maxi
mum preserved thickness, are shown diagrammatically 
in figure 12.1. 

Volcanic rocks of the older sequence comprise six 
major unconformable or disconformable units (II
VII). During the earliest phase of ·volcanism a mix
ture of tuff and quartz monzonite detritus (unit II) 

accumulated on the lower parts of an erosion surface 
having a relief of about 1,000 or 1,500 feet. Rocks of 
this unit were slightly tilted and eroded before the ex
trusion of a thick sequence of ash flows (unit III), 
most of which are now sheets of welded tuff. 

This eruption was followed by block faulting and 
tilting toward the west-northwest, and subsequent 
erosion produced a surface of moderate relief upon 
which rocks of unit IV accum':llated. The basal part of 
this unit commonly consists of moderately well sorted 
sandstone and granule conglomerate, which grade up
ward into breccias containing boulders and blocks of 
quartz monzonite and welded tuff. Higher up, the 
breccia contains, i_nstead of these, blocks of porphyritic 
quartz latite up to 20 feet in diameter, which are indis
tinguishabie from the rock of the overlying lava flows. 
Some of the breccia may be vent agglomerate; all of it 
was produced by explosive reopening of sealed conduits 
prior to, or contemporaneous with, the formation of 
plugs, dikes, and lava flows. Block faulting recurred 
during deposition of these coarse deposits; as a result, 

• 
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FIGURE 12.1.-Diagro.mmatic section of early 
Tertiary volcanic rocks of an area north 
and west of Butte, Mont. 

some breccia deposits abut against fault scarps In 
breccia or welded tuff. 

Breccia of unit IV, and older rocks, are overlain by 
two unconformable successions of quartz latite lava 
(units V and VII), locally separated by a vitrophyre 
(unit VI). Lavas of unit V are preserved only in the 
western part of the area, where they are overlain with 
angular discordance of as much as 30° by lavas of unit 
VII. Many small intrusive bodies were emplaced ~fter 
and perhaps partly during the extrusion of the lavas 
of unit V. These lavas, and intrusives which cut them, 
were eroded before the eruption of the vitrophyre and 
the lavas of unit VII. In the Champion Pass area the 
quartz latites of unit VII are unconformably overlain 
by rhyolite of the younger sequence (unit VIII) . 

Between almost every one of the volcanic episodes 
and the next one there was faulting or tilting followed 
by erosion, and some of the faulting was contempora
neous with the deposition of unit IV. Major faulting 
and collapse took place after the eruption and welding 
of the succession of ash flows forming unit III. In the 
area immediately west of Butte this block faulting pro
duced an L-shaped graben ·3;4 to 1112 miles wide in 
quartz monzonite of the Boulder batholith, into which 
the sheets of welded tuff collapsed. As a result the 
welded tuff sheets have a chaotic structure, and 1nany 
of the blocks of tuft' are nearly vertical. This fact, and 
the presence of minor breccia vents and marginal dikes, 
apparently caused earlier workers to interpret the 
welded tuff as an intrusive rock. Gravity surveys in
dicate that the floor of the graben lies at a depth of 
about 1,200 feet. The volcanic rocks in this graben are 
probably underlain by segments of truncated metal
liferous quartz veins in the manganiferous zone in the 
quartz monzonite of the Butte district. 

Renewed movement along some of the block faults 
that followed the volcanism produced intermontane 
basins, which received debris shed from the bounding 
scarps, and were thus filled with sand, gravel, silt, ash, 
and tuff (unit IX). These basins may be as old as 
late Oligocene; basin deposits near Silverbow contain 
lower Miocene fossils (I\:onizeski, 1957, p. 145). 

Later movement along some· of the faults displaced 
Pleistocene glacial deposits. 

The net effect of repeated tilting of fault blocks in 
the area north of Butte is indicated by ''"est-northwest 
clips of 15° to 35° in the basal unit and the sheets of 
welded tuff (units II and III). 
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13. TECTONIC SETTING OF THE COEUR D'ALENE DISTRICT, IDAHO 

By RoBERT E. 'V'ALLACE, A~;;LAN B. GRIGGs, ARTHUR B. CAMPBELL, and S. W AHREN Honns, Menlo Pa.rk, Calif., 
. Menlo Park, Calif., Denver, Colo., and Washington, D.C. 

In gross structural pattern the Coeur d'Alene dis
trict lies at the intersection of the Lewis and Clark 
line (Billingsley and Locke, 1939, p. 36), represented 
by the Osburn and rela.ted faults, and a broad arch that 
extends north at least to IGmberly, British Columbia. 
The rocks of the district have been intensely deformed 
in a con1:plex pattern that shows a marked discordance 
of structural elements on opposite sides of the Osburn 
fault and which well might be referred to as a struc
tural knot (fig. 13.1C). 

Dominating this structural knot is the Osburn fault 
which strikes about N. 80° ,V. across the area.. Strike 
slip is indicated on the Osburn fault by : (a) the offset 
of large upwaJ·ped blocks more or less delineated by 
areas of outcrop of the Pricha.rd formation, the oldest 
unit of the Belt series; (h) the offset of n1ajor folds 
and fau1ts, and the dissimilarity of structural features 
adjacent to one another on opposite sides of the fault; 
(c) large-scale drag features; (d) offset of the same 
sense along parallel or subpa.rallel faults; and (e) the 
position of major mining areas on opposite sides of the 
Osburn fault and the pattern of ore and gangue-mineral 
distribution within the a.reas. A maximum of about 16 
miles of right-lateral strike slip is indicated on the 
segment of the Osburn fa.ult east of the Dobson Pass 
fault and about 12 miles displacement in the same sense 
is 'indicated west of the Dobson Pass fault. The dif
ference in displacement on these two segments is be
lieved to be principally the result of contemporaneous 
dip slip on the Dobson Pass fa,ult, which has effectively 
lengthened the block north of the Osburn fault relative 
to the block south. A few miles east of tl1e area shown 
in figure 13.1, in the vicinity of Superior, l\font., the 
cumulative latera] movement in the Osburn and the 
related Boydl\fountain fault, as shown by stratigraphic 
displacement, a.ppears to be approximately 16 miles, 
which strongly corroborates the suggested displacement 
on the Osburn fault in the Coeur d'Alene district. 

The age of the Osburn fault is known only within 
broad limits. It cuts rocks of the Belt Series of Pre
crtmbrian age and is capped by flows of Columbia River 
basalt of middle l\fiocene age. The probably con
temporaneous Dobson Pass fault cuts the Gem stocks, 
which have been dated as about 100 million years old 
(Jaffe and others, 1959, p. 95-96). Other geologic evi
dence indicates that a lineament in the general position 

557753 0-00-3 

of the Lewis and Clark line may have been in existence 
since early Precambrian time. 

Ages obtained from uraninite from the Sunshine 
mine (L. R. Stieff and T. W. Stern, written communi
cation, 1957; Eckelmann and Kulp, 1957, p. 1130) 
indicate that uranium mineralization occurred about 
1,250 million years ago. Thus tight folds, such as the 
Big Creek anticline (fig. 13.1), that are cut by the 
uraninite veins, must have been developed before that 
time. In contrast, the principal ore-bearing veins are 
younger than the Gem stocks of about 100-million-year 
age. 

The overall history of development of the structural 
knot must have been complex; the following summary 
of a possible sequence of events is suggested. During 
an early stage of deformation (fig. 13.1A) the prin-. 
cipal folds were developed and overturned to the north
east, and reverse faults that strike northwest and dip 
southwest were formed. A large domelike structure, 
the l\{oon Creek-Pine Creek upwarp, was formed west 
of the reverse faults. 

Accompanying a major reorientation of the stress 
system, the axes of the folds began to bow (fig. 13.1B), 
the southern part of the region moved relatively west
ward, and incipient strike-slip faults developed. The 
l\fill Creek and Deadman syncline was separated from 
the Granite Peak syncline and wrapped around the 
truncated end of the Granite Peak syncline. The 
northern flank of the Lookout-Boyd Mountain anticline 
was sliced off by one of the antecedent fractures of the 
Osburn fault. 

l\{onzonite stocks intruded the structural knot thus 
produced (fig. 13.10), and the principal period of ore 
deposition followed. Most of the veins are included 
in spatial groups that define distinct linear belts trend
ing slightly more northwesterly than the Osburn fault 
system. The concentration in such belts of veins, which 
are subparallel but differ in size and orientation, sug
gests that linear feeders for the mineralizing solutions 
existed at depth, although no through-going structural 
elements reflect these feeders in the upper crust. 

After the principal period of ore deposition, strike
slip movement along the ancestral Osburn zone of weak
ness became more through-going t4,an previously, and 
apparently deep-se.:<tted stresses were accommodated at 
this time by displacement on relatively few faults, most 
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of which were in or parallel to this zone. The Osburn 
fault offset the major folds and early reverse faults, and 
separated the northern segment of the ore-bearing area 
from that to the south. The Thompson Pass fault also 
offset the major folds, and the Placer Creek fault offset 
the Pine Creek anticline and vein system. The Dobson 
Pass fault came into existence concurrently with the 
Osburn fault. The small stocks a few miles west of the 
Dobson Pass fault may represent cupolas displaced from 
the main part of the Gem stocks by dip slip on the 
Dobson Pass fault. 

Some of the ea.rly-formed tight folds and strike-slip 
faults were flexed as later rotational stresses were ac
commodated along newly developed slip planes. Thus, 
the east end of the Savenac syncline and the adjacent 
north branch of the Osburn fault were sharply bent and 
later movement was "short-circuited" along the south 
segment of the fault. Likewise, the Polaris f~ult may 

have accommodated strike-slip deformation after the 
Placer Creek fault buckled. 

Late normal faults, some resulting from the final 
stages of strike-slip deformation, and others possibly 
of Quaternary age (Pardee, 1950), have affected the 
area. 
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14. BLEACHING IN THE COEUR D'ALENE DISTRICT, IDAHO 

By P. L. WEis, Spokane, Wash. 

A striking feature of the Coeur d'Alene district is the 
presence of large elongated masses of what is commonly 
called bleached rock, though its color is pale yellowish 
green rather than white; many of these masses are asso
ciated with ore deposits. The bleached rock has been 
recognized and used as a guide to prospecting for 20 
years or more, and those·who have worked in the dis
trict have generally regarded them as being of hydro
thermal origin and related in some way to the ore 
deposits. The cause of the bleaching, however, is in dis
pute. Two views have been expressed: (a) A number 
of workers, nmong them Shenon and ~1cConnel (1939), 
believe that the bleached rocks have been sericitized
that is, that they have undergone hydrothermal altera
tion that converted pre-existing minerals to sericite. 
(b) Others, notably Mitcham (19.52), believe that the 
bleached zones are places where certain of the pigment
ing minerals have been replaced or removed. The 
present investigation is principally an effort to decide 
between these views. 

The rocks involved in the bleaching are a part of the 
Belt series, of late Precambrian age. All are thin
bedded, fine-grained, slightly metamorphosed, quartz
rich rocks. They include quartzites, phyllites, slates, 

and all the many intermediate types. Adjacent beds 
may differ widely in composition, mainly because they 
contain different proportions of the two principal 
minerals, ·quartz and sericite. Quartz content ranges 
from about 10 percent to 90 percent, and the sericite 
varies essentially inversely through about the same 
range. The rocks also contain about 5 to 10 percent of 
other material-rock fragments, carbonates (including 
calcite, dolomite, ferrodolomite, ankerite, and siderite), 
plagioclase and potassium feldspar, chlorite, hematite, 
magnetite, pyrite, zircon, tourmaline, rutile, carbona
ceous ( ? ) material, and probably leucoxene and goe
thite. The bleached rocks contain the same minerals, 
except that hematite, chlorite, carbonaceous ( ? ) ma
terial and in places pyrite are absent. 

One way to approach the problem is to consider what 
characteristics the bleached rocks should have if they 
were sericitized. Those that come to mind are as 
follows: 

1. Sericitized rocks should contain more sericite than 
unbleached rocks-which should be apparent both 
in thin sections and in chemical analyses. 

2. Sericitized rock should contain veinlets of sericite 
and pseudomorphs of sericite after other minerals, 
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especially detrital feldspar; it should show re
placement textures where the process was incom
plete. 

3. Introduced sericite should have random· orientation, 
in contrast to sericite formed under stress during 
metamorphism. Some pre-existing flakes of seri
cite might be enlarged. 

4. Progressive, systematic differences in sericite con
tent from place to place should be recognizable, 
especially where such differences are related to 
structural features. 

5. Ore deposits and zones of sericite-rich rock should 
bear some recognizable relation to each other as 
well as to structural features. 

If sericitization were responsible for the color 
changes that define the bleached zones, then one or 
more of these features should be readily identified in 
any specimen of strongly bleached rock. Not one of 
these features was found, however, in the bleached rocks 
of the Coeur d'Alene district. 

Specimens that contained both bleached and un-. 
bleached parts of the same bed were studied with 
particular care. Without exception, these specimens 
showed no difference between altered and unaltered 
rock in content of sericite, carbonates, and detrital 
feldspars. Other evidences of sericitization are sim
ilarly lacking in the bleached rocks. The conclusion 
is inescapable: the bleached rocks do not owe their 
color to sericitization. 

The mineralogical changes that accompanied the 
bleaching are simple. Hematite, carbonaceous ( ~) ma
terial, and green chlorite, the principal pigmenting 
minerals, are absent from the bleached rocks; otherwise 
the mineralogy of bleached and unbleached rocks is 
identical. It should be emphasized that the proportion 
of sericite has not been increased by bleaching. The 
intimate association of bleached zones to faults: and 
areas of more disturbed rocks. and generally close ~ela
tion to ore deposits clearly points to a hydrothermal 
origin. The problem, then, is to define the probable 
range in temperature and chemical composition of a 
solution that will attack hematite, carbonaceous ma
terial, and green chlorite without attacking such rela
tively susceptible minerals as carbonates and feldspars. 
The solutions cannot have been strongly acid, or they 

would have attacked the carbonates. Nor can they have 
been strongly alkaline, for feldspars, especially plagio
clases, are attacked by strongly alkaline solutions and 
hematite is not. Their temperature range can also be 
roughly bracketed within the limits 110° and 150° C, 
for although hematite can be hydrolized to goethite in 
nearly neutral solutions within that approximate 
range (Smith and Kidd, 1949, p. 411); it is stable at 
higher and lower temperatures. The effect of such a 
solution on chlorite and carbonaceous material is un
known; one can only assume that because in the bleached 
rock the supposedly carbonaceous material is absent 
and the chlorite is altered to a colorless though ap
parently sheeted mineral, their behavior in the bleach
ing solution was similar to that of hematite. 

Although the precise chemical composition of the 
bleaching solution is not known, the solution apparent
ly need not have contained anything other than nearly 
neutral warm water. It may have contained a little 
C02 or H 2S, but these evidently were not essential. The 
solution may have removed the pigmenting minerals, 
or have ·caused them to recombine with other minerals 
in the rock, or have aggregated some of them into such 
large grains that they were no longer effective as color
ing agents; in some places the rock may have been af
fected by any one of these changes or by two or three 
of them. The final result, at any rate, was the destruc
tion of disseminated dark -colored pigmenting minerals, 
apparently without any other change. 

Hydrothermal solutions consisting merely of warm 
water are a far cry from the solutions that many geolo
gists envision as agents that deposited the ores. Such 
apparently great differences between the two solutions 
indicate that they must have been separated both in 
time and in source, but further work will be necessary 
to provide the details pf origin and age of the bleach-
ing solutions. · 
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15. ORIGIN OF THE MAIN PERIOD.VEINS, COEUR D'ALENE DISTRICT, IDAHO 

By VERNE C. FRYKLUND, JR., Spokane, Wash. 

The Coeur d'Alene district, in Shoshone County, 
Idaho, is part of what I have called the Coeur d'Alene 
mineral belt. This belt is about 95 miles long, its west 
end being near Coeur d'Alene, Idaho, and its east end 
near Superior, Mont. The Coeur d'Alene district lies 
about midway between the ends of the belt, at its inter
section with a northeast-trending fracture zone con
taining a row of monzonite stocks, two of which are 
exposed in the northern part of the district. The coun
try rocks are quartzitic formations in the Belt series, 
of late Precambrian age cut by monzonite and lampro
phyric dikes. 

Although six periods ·of mineralization, of Precam
brian to Tertiary age, are recognized, the following 
remarks relate only to the possible sources of the vein 
minerals formed during the Main period of mineraliza
tion, which occurred in Cretaceous time. 

The zonal patterns of ore and gangue minerals 
formed during the several stages of the Main period 
could mean that those minerals came from three sources, 
at least two of them magmatic; the isotope composition 
of the lead, however, suggests that one source was non
magmatic. 

A crucial point in considering the origin of the Main 
period veins is the time relation of those veins to the 
monzonite stocks, which are believed to be of Cretaceous 
age (Larsen and others, 1958, p. 54). Only one period 
of monzonite intrusion has been recognized, and most 
previous workers believe, as I do, that the principal 
veins were formed while the monzonite was being in
ti·uded or shortly thereafter (Hershey, 1916, p. 20; 
Crosby, 1959, p. 700; Ransome and Calkins, 1908, p. 135 
ff.; pmpleby and Jones, 1923, p. 18; Griggs,. 1952, 
p.102). 

The distribution and possible sources of the major 
vein minerals are considered below in the paragenetic 
order of those minerais. 

The silicate minerals of the first stage-green biotite, 
garnet, and amphiboles-are found in minor amounts in 
the veins in monzonite and in the contact aureoles, and 
also in veins as much as 5,000 feet outside those aureoles. 
This restriction of silicates to veins around the stocks 
strongly indicat~s ~ genetic connection between the 
stocks and the silicates (Umpleby and Jones, 1923, 
p.149). 

Siderite, ankerite, and barite were next deposited. 
Veins whose gangue consists mainly of carbonate min-

erals are characteristic of the great Coeur d'Alene min
eral belt. As the carbonate-rich veins are very much 
more widely distributed than those containing silicates, 
their source was probably not the monzonite magma. 
It may have been an underlying batholith. 

Specular hematite, which followed the carbonate 
minerals and barite, has the same general distribution 
in the mineral belt as the carbonate minerals, and prob
ably had the same source. 

Euhedral magnetite was deposited later than the 
hematite. It is concentrically zoned around the stocks, 
and it may have been the last mineral contributed by 
the monzonite magma. . 

Although minor amounts of many sulfide minerals 
are found in veins throughout the mineral belt, the only 
deposits in the belt that are known to contain sulfide
rich ore are in the 25-mile segment within the Coeur 
d'Alene district. It therefore seems unlikely that the 
sulfides came from the same source as the much more 
widespread carbonate minerals. But as the sulfides 
are more widespread than the silicate minerals, and are 
not zoned a.round the stocks, it does not seem probable 
that they came from the monzonite magma. 

The isotopic composition of the lead in the galena of 
the Main period is apparently uniform throughout the 
district; this lead, moreover, contains. much less of the 
radiogenic isotopes than the lead from feldspar in the 
south stock (data contained in written communication, 
L. Stieff and T. Stern, 1959). Long and others ( 1959) 
have interpreted the isotopic ratios as indicating a Pre
cambrian age of 1,250 million years for the mineraliza
tion, but this interpretation is inconsistent with the fact 
that some of the Main period veins cut monzonite and 
that the silicate-bearing veins are zoned around the 
stocks. There is little possibility, however, that galena 
of this isotopic composition came from the stocks, or 
from any granitic magma of similar age that contains 
what are generally regarded as normal, or average, 
amounts of uranium and thorium. 

Possibly the lead was separated from a normal gra
nitic magma, and thus removed from further contam
ination by radiogenic lead, in Precambrian time, and 
brought into the upper pa.rt of the crust in Cretaceous 
time. This concept, however, is hard to accept, for it 
would imply that the mechanism by which the ore de
posits of the Coeur d'Alene district were formed was 
unusual if not unique. The Coeur d'Alene distric~ is 
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not unique, however, in its geologic relations, its min
eralogy, or the isotopic composition of its lead. 
Butte ores show a difference in isotopic composition be
tween vein lead and wall-rock lead (Murthy, 1959, p. 
1649). The Sullivan ore body at Kimberly, British 
Columbia, is mineralogica.lly identical with the produc
tive silicate-bearing· veins of the Coeur d'Alene district 
(Schofield, 1915, p. 133-135; Rice, 1937, p. 43), and 
according to Long and others ( 1959) the Sullivan lead 
has the same isotopic composition as Coeur d'Alene 
lead. 

A more likely supposition is that the Coeur d'Alene 
lead, together with other valuable metals, was brought 
from some deep source that contained only insignificant 
amounts of uranium and thorium. This source might 
have been a granitic magma in which uranium and 
thorium were abnormally scarce; or it may have lain 
much deeper, in the mantle, where it is generally be
lieved on geochemical grounds that neither uranium 
nor thorium is present in significant amount. 
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16. GEOLOGIC AND ECONOMIC SIGNIFICANCE OF SOME GEOCHEMICAL RESULTS OBTAINED FROM STRE'AM 
SEDIMENT SIAMPLES N,EAR NOME, ALASKA 

By C. L. HuMMEL and RoBERT M. CHAPMAN, Menlo Park,,Calif., and Denver, Colo. 

During recent areal geologic investigations, thirty 
samples of sediments were obtained from streams 
throughout a 500-square-mile area near N orne, Alaska. 
They were collected primarily to test the efficacy of this 
method of geochemical exploration in the part of the 
metamorphic terrane of the Seward Peninsula that is 
best known geologically. In general, the sediment 
samples contained meaningful quantities of a number of 
metals; anomalously high amounts of copper, zinc, bis
muth, and molybdenum in samples collected from 
Thompson Creek in the Kigluaik Mountains located 30 
miles north of N orne are of particular geologic and 
economic significance as indicators of metalliferous 
lodes in an area not formerly known to contain them. 

The geochemical sediment samples were collected and 
processed according to _procedures developed by the 
U.S. Geological Survey. The samples were selected to 
include mainly the finest and lightest stream sediments 
and some organic material, wherever it was present. 

Although sediment sampling was designed as a field 
method for determining the heavy metal content of 
sediments by colorimetric techniques, all of the de
terminations reported here were made in a Survey 
laboratory as part of a continuing program to develop 
and improve geochemical exploration methods (Chap
man and Shacklette, Art. 49). F. N. Ward was a con
stant source of advice and assistance. 

The amounts of antimony, arsenic, bismuth, copper, 
lead, molybdenum, tungsten, and zinc were determined 
in all samples. Useable·quantities were obtained of all 
metals except tungsten, ·whose level of detection (20 
ppm) is still too high to be of value by this method in 
the N orne area. 

All of the bedrock of the N orne area has been re
gionally metamorphosed; high-grade metamorphic 
rocks occur only in the Kigluaik Mountains while 
metamorphic rocks of considerably lower grade form 
the bedrock of the area between the Kigluaik Moun-
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FIGURE 16.1.-Map showing location of lode deposits and geochemical sediment sample sites near Nome, Alaska. 

tains and Bering Sea, in which the Nome goldfields lie 
(Th1offit, 1913, p. 140). The bedrock of the goldfields is 
composed entirely of low grade schists and interbedded 
mn.rble. J(nown lodes of the goldfields, of the type 
from which the gold of the alluvial and beach placers 

of the goldfields was derived, are for the most part 
filling-type deposits in shattered quartz masses (fig. 
16.1). Scheelite and native gold ·are the dominant 
non-gangue constituents in a few deposits but base 
metal sulfides predominate in most of them. Except 
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for a single deposit in which native bismuth and bis
muthinite occur and several copper sulfide deposits, 
most of the lodes are composed of lead and antimony 
sulfides with minor amounts of scheelite and gold. 

The N orne goldfields are bounded on the north by 
the Kigluaik Mountains. The bedrock of the moun
tains is composed entirely of very high grade meta
morphic rocks into which have beei-1 intruded many 
relatively small sills and dikes of silicic and mafic 
igneous rocks and granite pegmatites. Although the 
igneous rocks are thought to be genetically related to 
the mineral deposits of the goldfields, the only direct 
evidence of hydrothermal mineralization in the Kig
luaik Mountains consists of a single lode on North 
Star Creek in which arsenopyrite was the only metallic 
mineral which was recognized. 

The results obtained from geochemical sediment sam
ples collected in the N orne goldfields closely reflect the 
presence or absence, and the composition and proximity 
to sample sites, of the known lode deposits in the drain
age basins of the streams from which the sediments 
were collected (table 16.1). As might have been ex
pected, most of the samples from the goldfields con
tained greater quantities of antimony and arsenic. 
However, in specific cases, anomalously high amounts 
of other metals were obtained from samples collected 
from drainage basins where lodes containing those 
metals crop out, such as lead in sample 11 from Steep 
Creek and bismuth in sample 9 from Charley Creek. 

In marked contrast with the results obtained from 
sediment samples from the N orne goldfields were those 
obtained from samples collected from streams in the 
Kigluaik Mow1tains. In the absence of known metal
liferous lodes, no ·anomalous quantities of the metals de
termined could be expected. In general, none were ob
tained; samples 2 through 8, collected from widely 
separated localities throughout the part of the Kigluaik 
Mountains included in the area of this report, had 
consistently small amounts of all the metals determined 
and thus provided a basis for estimating the quantities 
of these metals in sediments derived from the high 
grade metamorphic rocks. The only exceptions to these 
general results were some obtained from sediment sam
ples collected from Thompson Creek a western tribu
tary of the Grand Central River. The first sample 
( 1A) was collected by the authors in 1957; other sam
ples of the series ( 1B-1E) were collected at the re
quest of the authors by D. M. Hopkins in 1959 on the 
basis of the geochemical results obtained from sample 
1A. . 

Samples from Thompson Creek contained more 
copper, zinc, molybdenum, and bismuth than those from 
any other part of the area. The resulting anomalies of 

TABLE I6.1.-Content (in ppm) of several metals in sediment 
samples from streams near Nome, Alaska 

[Analysts: W. L. Jones, H. H. Mehnert, H. M. Nakagawa, H. Neiman, L. E. Patten) 

Locality Sample Pb Cu Zn As w Mo Bl Sb 
-------------- -

Thompson IA <20 I20 400 <IO <20 10 <5 2 
Creek IB 25 I 50 600 <10 <20 8 35 1 

10 25 100 400 10 <20 12 45 2 
ID 25 75 I25 IO <20 4 IO I 
IE 25 75 225 <IO <20 4 50 I 
IF 25 IOO 225 <to <20 12 10 2 

Kigluaik 2<20 30 80 <IO <20 IO <5 2 
Mountains 3 <20 30 IOO <IO <20 4 5 2 

4<20 30 IOO IO <20 2 <5 2 
5<20 30 IOO <IO <20 4 <5 I 

6<201 30 IOO <IO <20 2 <5 2 
7<20 30 IOO 30 <20 6 IO I 
8<20 30 IOO <IO <20 IO <5 2 

N orne goldfields_ 9<20 30 80 300 <20 2 20 6 
IO <25 20 50 I 50 <20 <4 <5 IO 
11 50 30 75 60 <20 <4 <5 30 
I2 <25 20 IOO I 50 <20 <4 5 8 
I3 <25 30 IOO I 50 <20 <4 <5 IO 
I4 <25 30 I25 60 <20 <4 <5 8 
I5 <25 20 75 40 <20 <4 5 4 
I6 <25 20 75 30 <20 <4 <5 4 
I7 <25 20 75 80 <20 <4 <5 6 
I8 <25 20 75 300 <20 <4 5 6 
I9 <25 20 75 20 <20 <4 <5 4 
20 <25 30 75 60 <20 <4 <5 6 
2I 25 30 IOO I 50 <20 <4 <5 IO 
22 <25 30 IOO I 50 <20 <4 <5 4 
23 <25 30 75 80 <20 <4 <5 IO 
24 <25 20 75 20 <20 <4 <5 4 
25 <20 30 IOO IO <20 2 <5 2 

these metals were two to six times greater than the back
ground content estimated from samples 2 to 8. Be
cause no lode material has been found in the Thompson 
Creek drainage, the difference between the results ob
tained ·from there and those obtained from drainages 
with known lode deposits is significant. For example, 
the Thompson Creek samples contained more bismuth 
than samples 9 from Charley Creek although a lode 
containing native bismuth and bismuthinite crops out 
about half a mile above the sample site and both min
erals are present in placer deposits at least as far 
downstream as the sample site. Similarly, ·although 
sphalerite is abundant in a lode cropping out at the 
head of Steep Creek, a headwater tributary of the Snake 
River, the quantity of zinc in a sample collected about 
a mile downstream did not exceed its background con
tent. Individually, the Cu, Zn, Mo, and Bi geochemical 
anomalies are strong indicators of undiscovered metal-
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liferous lodes in the Thompson Creek drainage. Taken 
together, they indicate that the l(igluaik l\iountains, 
and perhaps other areas in which high-grade metamor
phic rocks occur on the Seward Peninsula, contain 
hydrothermal deposits of base metals, even though they 
lack the gold-bearing lodes and placer deposits that 
characterize the N orne goldfields. 

Briefly summarized, the conclusions of this report 
are: 

1. Meaningful geochemical results were obtained from 
stream sediments in the mineralized metamorphic 
terrane of the Seward Peninsula. 

2. The greatest quantities of copper, zinc, bismuth, and 
molybdentun in all of the sediment samples oc-

curred in those collected from Thompson Creek 
in the IGgluaik Mountains and strongly indicate 
the presence of lode deposits containing these 
metals in the Thompson Creek drainage basin. 

3. The indication of metalliferous lodes near Thompson 
Creek suggests that hydrothermal deposits may 
occur in the high-grade metamorphic rocks else
where in the l(igluaik Mountains and, perhaps, in 
those exposed at other places on the Seward Penin
sula. 
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17. STRUCTURAL GEOLOGY AND STRUCTURAL CONTROL OF MINERAL DEPOSITS NEAR NOME, ALASKA 

By C. L. HuMl\IEL, Menlo Park, Calif. 

Structures belonging to systems of two ages have 
been identified and mapped in the bedrock of an area 
near Nome, Alaska (fig. 17.1). The lode and placer 
deposits of the N orne goldfields are closely associated 
with some of the structures of the younger system. 

Structures of the older system developed during a 
period of "deep-seated deformation, probably in the 
Mesozoic era, at which time all the bedrock of the area 
was regionally metamorphosed. The major structures 
of this system once formed a series of nearly northward 
trending folds which may have extended northward for 
100 miles across the middle of the Seward Peninsula·. 
Other structures include numerous minor folds of vari
ous sizes and several types of axial lineation; all these 
features are more or less parallel to the major folds. 
The major folds were greatly modified by later orogenic 
activity, so that only deformed remnants of two of them 
are now recognizable in the area-a broad, open syncline 
about 25 miles wide in the eastern part of the area and a 
somewhat tighter but still open anticline in the western 
part. 

Structures of the younger system are thought to be 
related to the eastward-trending uplift, probably of 
Tertiary age, from which .the present IGgluaik moun
tain range developed. This uplift transected the older 
northward-trending folds about at right angles, leaving 
within the area the truncated ends of the two folds men
tioned above. Structural features of the uplift are 
clearly expressed by the present topography. Not only 

does the range have the same trend as the uplift, but the 
uplift is bounded by steeply dipping noi·mal faults, one 
of which marks the northern limit of the range and the 
other almost coincides with the southern limit. The 
highest mountains of the range lie along the axi's of an 
arch, formed during the elevation of the uplift, that 
plunges eastward and westward from Mount Osborn, 
the highest peak in the range. Because of the arcuate 
pattern of the faults that bound it, the uplift is also 
widest through Mount Osborn. The southern boundary 
fault marks the contact between the high-grade meta
morphic rocks which crop out only in the uplift and 
those of much lower metamorphic grade which form the 
bedrock throughout the area to the south. On the basis 
of this difference of metamorphic grade and on strati
graphic evidence, it is estimated that at least 30,000 
feet of vertical movement has taken place in the center 
of the uplift. 

Other structures of the younger system, present only 
in the area south of the IGghmik Mountains, are 
thought to be subsidiary effects of the uplift. These 
include two folds of considerable size and three sets 
of faults. The folds, both of them just south of the 
uplift, are an eastward-plunging syncline in the west
central part of the area and a southwestward-plunging 
syncline in the northeastern part, superposed upon 
the eastern and western limbs of the older north-trend
ing syncline. The three sets of faults strike to the north, 
northeast, and east, respectively. Only the east-west 
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faults are obviously related to the uplift; they strike 
nbout pa.rallel to the boundary faults, and the north 
sides of most of them are strongly upthrown. 

The lode and placer deposits of the Nome goldfields 
are closely associated with the younger folds and ·faults 
south of the J(igluaik :Mountains. The lode deposits, 
most of which are filling-type deposits composed of 
varying proportions of base-metal sulfides, scheelite, 
and native gold in shattered quartz, occur in three 
areas; two of these extend along the two younger syn
clines just south of the J(igluaik Mountains, and the 
third lies between a northward- and a northeastward
striking fault just north of Nome. "Tithin each of these 
areas the lodes have been further localized along minor 
faults a.nd disturbed joints. 

The areal distribution of the placer deposits is gen
erally related to that of the lodes and thus is indirect
ly controlled by structure. This indirect control is of 
particular interest and importance in the case of the 
northeasbntrd-striking fault which reaches the coastal 
plain just north of Nome. Numerous lode deposits oc
cur in and near the fault zone where it is exposed in the 
valley of Anvil Creek, which marks the southwestern 
end of the fault. Similar lodes in eroded portions of 
the fault and bedrock were the sources of the gold in 
the alluvial placer deposits on Anvil Creek, the rich
est in the goldfields, and of the gold in the richest 
parts of several buried beaches which have been form
ed along the ~tncestral course of Anvil Creek under de
posits of the coastal plain.· 

18. .STRUCTURAL CONTROL IN FIVE QUICKSILVER DEPOSITS IN SOUTHWESTERN ALASKA 

By C. L. SAINSBURY and E. M. MAcl{EvETT, SR., Menlo Park, Calif. 

Most of Alaska's known quicksilver deposits are in 
the southwestern pal't of the State. Five of them
the Red Devil, Red Top, J{agati Lake, White Moun
tain, and Willis-illustrate different types of structural 
control (fig. 18.1). These deposits were studied during 
1958. and 1959 as a part of .the U.S. Geological Survey's 

156° 

G1tl/uf Alaska 

58° 

FIGURE 18.1.-Index map showing location of five quicksilver 
deposits in southwestern Alaska. 

investigation of quicksilver deposits 1n southwestern 
Alaska. 

The quicksilver deposits, which are probably of Ter
tiary age, are alike in having been mainly formed by 
the deposition of cinnabar in open factures in competent 
rocks, but in detail each deposit has its individual 
structural control. The cinnabar is commonly accom
panied by stibnite, but it also occurs alone, or less ex
tensively with realgar and orpiment. The common 
gangue minerals_ are quartz, dolomite, and calcite. 

The Red Devil mine, Alaska's largest quicksilver 
producer, has produced more than 20,000 flasks. The 
mine is in graywacke and argillaceous rock of the Cre
taceous J{uskokwim group, which strike N. 30°-45° W. 
and dip 45°-60° SW, and in altered dikes that cut these 
rocks. The ore bodies were formed at and near inter
sections betw"'rn northeast-trending dikes that dip 40°-
600 SE. and ·northwest-trending faults that are essen
tially parallel to the bedding (fig. 18.2) . This struc
tural control was first recognized by J. D. Murphy, 
former manager and resident geologist at the mine. 
Typical ore bodies are pencil-shaped and plunge about 
40° S. The northwest-striking faults have right-lat
eral displacements that range from a few inches to 
about 40 feet, and the cumulative right-lateral dis
placement of the faults is several hundred feet. The 
mineralized intersections are in a zone that is at least 
600 feet wide and 1,500 feet long. 
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The Kagati Lake prospect is in a strongly fractured 
quartz monzonite and granodiorite stock, probably of 
Tertiary age (fig. 18.3). The quicksilver deposits are 
localized along favorable faults and joints, commonly in 
irregular quartz veins and pods. Most of the well
defined ore bodies are only a few inches wide and are 
traceable fqr less than 10 feet along their strikes. Most 
of the depOsits lie in what is called the "main shear 
zone," which consists of many steep closely spaced frac
tures that strike about N. 20° W., but some are in sub
parallel fractures west of it. Minor amounts of ore 
occur in fractures that trend more nearly due northwest. 

The Red Top mine has had a small production. The 
ore occurs along a steep fault zone where it intersects 
minor folds that plunge southward. The general 
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FIGURE 18.2.-Generalized. isometric block diagram of part of 
the Red Devil mine. The dikes and veins cut graywacke and 
shale of the Kuskokwim group. 

strike of the fault zone is N. 70° W., parallel to the 
regional attitude of the graywackes and siltstones of 
the Gemuk group, of Carboniferous to Cretaceous age 
(J. M. Hoare, ora~ communication, 1960). The d.if
ering structures on opposite sides of the fault zone are 
illustrated in figure 18.4A. On the north side the beds 
along the line of section are essentially homoclinal, 
dipping steeply southwestward; on the south side they 
form small folds that plunge southward. Abundant 
breccia, shear zones, and divergent fractures occur 
where the fault intersects the plunging folds. Most 
of the ore consists of cinnabar in a dolomite gangue th~t 
is localized in breccia zones and veinlets along the 
divergent fractures. The competent graywacke frac
tured readily and is crossed by wide breccia zones and 
open fractures, whereas the fractures in the siltstone 
are tight, contain abundant gouge, and commonly lack 
ore. The minette dike that is shown in figure 18.4A is 
unaltered and apparently unrelated to the formation 
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\ 
"'en 

\ 

Tg 

EXPLANATION 

~ 
Granodiorite and quartz 

monzonite 
-;----

80 

Tg 

Fault or joint approximately 
located, showing dip 

90 

-+~-
Vertical fault or joint, 

showing dip --- ~ 80 
Mineralized zone or vein, 

showing dip 
en, cinnabar 
as, realgar, minor orpiment 
sb, stibnite 0 

Tg 

........ ~ 
....... 85 ' 

'"'' 90 ' ..... ....... 

Tg 

N 

1 
100 200 FEET 

FIGURE 18.3.-Geologic sketch map of the Kagati Lake 
prospect. 



METALLIFEROUS DEPOSITS 

A RED TOP MINE 

0 100 200 FEET 

KCu 

EXPLANATION 
CARBONIFEROUS TO CRETACEOUS 

Graywacke and siltstone Graywacke with minor 
undifferentiated siltstone 

---?--
Contact 

Dashed where approximately 
located, queried where inferred 

.A 

B 
Interbedded graywacke 

and siltstone 

KCs 

__ , 
·-- ....... ---

( 
N. 33"W. 

---? KCu ·-----?---

8' 
Siltstone with minor 

graywacke 

-------Fault 
Dashed where inferred 

TERTIARY 
~ 

~~ Tm vi 
Minette dike 

B WHITE MOUNTAIN PROSPECT 

c 

EXPLANATION 
ORDOVICIAN<?> TO DEVON IAN<?> 

Thinly interbedded lime- Shale, sandstone, and 
stone and shaley lime- minor shaley limestone 
stone that weathers red 

Contact 
Dashed where approximately 

located or inferred 

WILLIS PROSPECT 

0 50 100 FEET 

CRETA.CEOUS 

Interbedded graywacke 
and shale 

Fault 

Limestone, shaley lime
stone, and minor shale 
and sandstone 

EXPLANATION 
TERTIARY<?> 

~ 
~ 

Altered dike, probably 
diabase 

.... . . . . . 

Black limestone 

-------Fault 
Dashed where inferred 

( 
N.l2"W. 

0 400 

CRETACEOUS 

Conglomerate with minor 
red siltstone 

Contact 
Dashed where approximate& 

located or inferred 

0 
Dashed where inferred Vein let of cinnabar Disseminated cinnabar Old adit 

FIGURE 18.4.-Structure sections of A., Red Top mine; B, White Mountain prospect; 0, Willis prospect. 

B37 

800 FEET 



B38 GEOLOGICAL SURVEY RESEARCH 1960- SHORT PAPERS IN THE GEOLOGICAL. SCIENCE.S 

ore averaging 1.1 percent of .mercury obtained from a 
development drift in massive graywacke; the limits of 
the mineralized graywacke are not delineated by exist
ing openings. 

At the White Mountain prospect, illustrated by~ 
figure 18.4 B, the quicksilver deposits are northwest of 
a regional fault, the Farewell fault, which separates 
Paleozoic limestone and shale ( Holitna group) on the 
northwest from Cretaceous ( ~) quartz conglomerate on 
the southeast. The main ore controls are steep faults, 
essentially parallel to bedding planes, that separate 
calcareous rocks from the only dominantly shaly unit in 
the section. One such fault is shown in figure 18.4 B, 
where it is labeled "critical contact". Cinnabar occurs 
in pods of brecciated, silicified, and dolomitized lime
stone adjacent to the faults. The ore in the White 
Mountain prospects unlike that in most cinnabar de
posits in southwestern Alaska, is not closely associated 

with altered dikes. Altered dikes of unknown original 
composition and fresh diabase dikes are exposed, how
ever, about a mile and a half west of the prospect. 
Possibly the ore-forming fluids migrated at depth from 
the neighborhood of the altered dikes and ascended 
the steep faults along barriers of impervious shale. 

The geologic setting at the Willis prospect is similar 
to that at the nearby Red Devil mine. The host rocks 
are graywackes and shales of the Kuskokwim group, 
and altered dikeS. The sedimentary rocks strike north
west and dip steeply southwest, but the altered dikes 
are nearly horizontal. Ore bodies oocur at and near 
intersections between the altered dikes and northwest
trending faults that commonly strike parallel to the 
bedding. Although structural control is similar to that 
at Red Devil, the ore bodies are elongate horizontally 
and dip southward (fig. 18.4 0). 

19. THREE AREAS OF POSISIBLE MINERAL RESOURCE POTENTIAL IN SOUTHEASTERN ALASKA 

By HENRY C. BERG, Menlo Park, Calif. 

Reconnaissance geological mapping of Admiralty 
Island .and the Chilkat Range (fig. 19.1) has disclosed 
three heretofore undescribed areas of higher mineral
resource potential than the surrounding terrain. 

About 100 square miles of the central part of Ad
miralty Island ( 1, fig. 19.1) is underlain by intrusive, 
contact-metamorphic, and migmatitic rocks. The area 
comprises most of the high mountains west and north
west of Hasselborg Lake, and includes the southern 
end of the lake. It contains numerous outcrops of 
orange, dark-red, and dark-brown gossan, whose areas 
range from less than 100 to several thousand square feet. 
Field and laboratory (chemical, X-ray) studies indicate 
local concentrations of oxide and sulfide minerals, 
chiefly rutile, pyrite, pyrrhotite, and chalcopyrite, 
which contain traces to significant amounts of copper, 
zinc, titanium, and niobium. 

Yttrium, ·zirconium, niobium, thorium ( ~), and the 
rare-earth elements lanthanum, cerium, praseodymium, 
and neodymium were detected by X-ray spectroscopic 
analysis of heavy minerals from pegmatite veins on Ad
miralty Island 5 miles west-southwest of the head of 
Seymour Canal (2, fig. 19.1). The pegmatite veins are 
associated with granite, migmatite, and contact-meta
morphic rocks, which underlie an area of 50 square 
miles. 

FIGURE 19.1.-Index map of part of southeastern Alaska show
ing three acres of possible mineral resource potential. 
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The part of the Chilkat Range north of the Endicott 
River (3, fig. 19.1) was found to be richer in sulfide 
minerals than the part south of the river. Orange, red, 
and brown gossan is widely distributed in the igneous, 
metamorphic, and volcanic rocks, which underlie an 
area of more than 200 square miles. The largest out
crops of gossan are several thousand square feet in area, 
but in general the gossan masses are not so common or 
extensive here as in central Admiralty Island. Sulfide 
minerals occur in local concentrations consisting chiefly 
of veinlets and disseminations of pyrite, pyrrhotite, and 
chalcopyrite. These minerals contain traces to major 
amounts of cobalt, copper, zinc, and lead. Magnetite 
a.nd ilmenite commonly occur in disseminated particles, 
and in films coating shear surfaces in the rocks. In some 
places the oxides contain trace quantities of chromium. 

Small deposits of secondary copper salts are not un
common; malachite, azurite, and chrysocolla form 
stringers and stained patches in the country rocks near 
some of the sulfide deposits. 

The areas have been prospected superficially over a 
period of many years and several groups recently made 
reconnaissance mineral surveys of the general region 
with helicopter support. Little trenching, test pitting, 
or other physical exploration has been undertaken how
ever, and few claims have been staked. No mineral 
production has been reported. Thick soil, glacial de
posits, and dense vegetation cover much of the areas 
under consideration ; hence geochemical and geophysi
cal techniques, coupled with physical exploration, prob
ably will be necessary to test fully the mineral potential. 

20. A STUDY OF RHENIUM AND ;MOLYBDENUM IN URANIUM ORE FROM THE RUNGE MINE, FALL RIVER COUNTY, 
SOUTH DAKOTA, BY MEANS OF A SPECTROGRAPHIC AND CONCENTRATION METHOD 

By A. T. MYEus, J. C. liAl\IILTON, and V. R. WILMAUTH, Denver, Colo. 

Wo1·k done in cooperation with the U.S. Atomic Energy Commission 

GEOLOGY 

The Runge mine is in an elongate lenslike northwest
trending urani mn deposit extending along the inter
section of an older and a younger Cretaceous stream 
channel, both filled with sandstone. The ore consists 
principally of uraninite, coffinite, haggite, and mont
roscite, with minor quantities of one or both of the blue 
molybdenum minerals ilsemannite and jordisite, in a 
ga.ngue of pyrite, calcite, and hematite. It forms elon
gate irregular bodies in sandstone and along fractures. 

Most of the ore is in a calcite-cemented sandstone 
that contains abundant pyrite; nearly everywhere in 
the mine this fo'rms the basal unit in the younger chan
nel. The bottom of the younger sandstone is locally 
1~1arked by a discontinuous rubble bed made up of an
gula.r to rounded shale fragments in a sandstone matrix, 
but throughout the central part of the deposit the cal
cite-cemented sandstone is overlain by a red hematite
rich sandstone tha.t grades upward to a gray pyrite
rich sandstone. In the northeastern, southeastern, and 
southwestern parts of the deposit, the calcite-cemented 
sandstone is generally overlain by a sandstone, charac- . 
terized by irregular narrow black-brown stripes, that 
has gradational contacts with the red and gray sand-

stones. Heavily mineralized fractures cut all the sand
stone units. 

The average grade of the ore produced from the mine 
is 0.2 percent uranium and 0.5 percent vanadium. The 
average ratio of vanadium to uranium in ore samples 
from the fractures and black-striped sandstone is about 
0.65; in samples from the other sandstones this ratio 
ranges from 1.3 to 1.7, being highest in the calcite
cemented sandstone. 

METHOD OF ANALYSIS 

Following the work of Peterson and others ( 1959), 
we have made a. geochemical study of an occurrence of 
rhenium in uranium ore from the. Runge mine. The 
principal new feature of this study is the application 
of a simple water extraction and concentration tech
nique prior to spectrographic analysis. 

The amount of rhenium in ore of this kind has com
monly been estimated by a spectrochemical method of 
semiquantitative analyses. This is a total-energy 
method, based on the use of synthetic standards and a 
visual ma.tehing technique. Its limit of detection for 
rhenium is 50 ppm; and so, in an effort to measure 
smaller amounts, we used extraction with distilled water 
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to concentrate rhenium in the water-soluble fraction. 
This procedure does not necessarily give the total 
rhenium in the sample, but it does allow one to estimate 
the minimum quantity of rhenium present in soluble 
salts. This technique lowers the limit of detection by 25 
to 500 times, making it possible to study the distribution 
of rhenium-or at least of water-soluble rhenium-in 
ore bodies of this type. 

A 50-gram portion of the ground sample was added 
to 500 ml of distilled water. After heating to about 
100° C for 1 hour the leachate was filtered and evap
orated to dryness on a steam bath. A weighed amount 
of powdered pure quartz, about one-fourth the weight 
of the dried leachate, was added and the mixture thor
oughly ground. The spectrographic analysis was made 
on 10 mg of the mixture. 

GEOCHEMICAL RESULTS 

Table 20.1 shows the results of analysis for molybde
num, uranium, vanadium, and rhenium. Of the 27 
original samples, only 6 contain rhenium in amounts 
detectable by conventional methods, but when these 
smne 27 samples were leached with distilled water and 

the dried leached-out material analyzed, 16 of them 
were found to contain rhenium. 

In table 20.1 the samples are arranged as nearly as 
possible in order of decreasing molybdenum content. 
Our results indicate that the samples higher in molybde
num tend to be higher in rhenium, and this is also true, 
in general, of the soluble material leached from the 
samples. 

The results of our analyses (table 20.1) show that. 
molybdenum and rhenium are most abundant in samples 
from the black-striped sandstone and the mineralized 
fractures. The highest values are 0.007 percent rhenium 
and 0.7 percent molybdenum. 

The ore minerals mos·t abundant in the calcite-rich 
and pyrite-rich sandstones, and locally in the hematite
rich sandstones, are crystalline uraninite, coffinite, and 
montroseite, which are the low-valence oxides and sili
cates of uranium and vanadium. Oxidation of the 
ore minerals resulted in formation of paramontroseite, 
haggite and amorphous uraninite, with a little carnotite 
in the black -striped sandstone and along fractures. 
Analyses of the material leached from samples of these 
sandstones (tables 20.1) indicate that rhenium and 

TABLE 20.1.-Semiquantitative spectrographic determination of 4 elements in 27 samples from the Runge mine, Fall River County, S. Dak. 

[Add 260000 to sample numbers to obtain laboratory serial numbers. The series of numbers used for reportlng-7, 3, 1.5, 0.7, 0.3 etc.-represent midpoints of 
group data on a geometric scale. Other symbols are: M=major constituent (greater than 10 percent); d=barely detected and concentration uncertain; O=looked for but 
not found; <with number= below number shown; leaders indicate not looked for. Approximate detection limits in percent: Mo, 0.0005; U, 0.05; V, 0.001; Re, 0.005.] 

Original samples Processed samples (dried leachate plus added quartz; sample 
leaches by 500 ml of distilled water) 

Sample 
Percent- Weight 1 Added Percent-

Sample location 

of dried quartz 
leachate (grams) 

Mo u v Re (grams) Mo u v Re 
------

2310 0. 7 0. 07 0.015 0. 007 1. 13 0. 275 7. 0. 3 0. 15 0. 15 Black-striped sandstone. 
2310 -------- ------ ------- ------- 2• 820 . 200 7. .3 .3 .3 Do . 
2313 .3 . 07 . 015 d a. 425 . 100 7 . .7 .3 .3 Do . 
2314 .3 . 15 . 015 d . 496 - 126 1.5 .7 . 07 . 15 Do. 
2314 -------- ------ ------- ------- 4• 335 . 075 7. 1.5 .7 .3 Do . 
4397 .3 .0 . 015 d a. 400 . 325 7 . 0 1.5 .7 Do . 
4397 .3 0 . 015 d . 345 . 300 7. .7 1.5 .3 Do . 
6550X . 07 . 15 -07 . 007 . 652 . 150 . 15 .7 . 3' - 15 Do . 
2309 . 015 3 7. <. 007 1. 056 . 260 . 0015 .3 .7 . 15 Do . 
3648 . 015 1.5 . 07 . 007 5• 330 . 075 . 007 . 07 . 0015 .3 Mineralized fracture . 
2302 . 007 . 07 . 07 0 . 112 . 028 .3 .3 .7 . 07 Calcite-cemented sandstone. 
2311 . 007 0 . 07 0 . 191 . 049 . 03 .3 .3 . 015 Black-striped sandstone. 
2312 . 003 . 03 . 15 0 . 220 . 055 . 007 .3 . 15 . 015 Do. 
2315 . 003 . 15 . 03 0 . 080 . 020 .3 0 .3 . 007 Pyrite-rich sandstone. 
2318 . 003 0 . 015 0 . 284 . 071 . 015 .3 .3 . 007 Do . 
2320 . 003 0 . 03 0 1. 488 . 371 . 007 0 . 15 0 Do . 
3650 . 003 .3 .7 0 . 690 . 795 . 15 .7 .7 . 015 Mineralized fracture . 
6546X . 003 1.5 3. 0 1. 950 . 500 0 . 15 .3 . 003 Calcite-cemented sandstone. 
6548X . 003 .3 1.5 0 . 360 . 100 . 07 0 .7. . 15 Hematite-rich sandstone . 
2307 . 0015 . 07 .7 0 1. 345 . 336 . 0015 . 15 .7 0 Mineralized fracture. 
2~21 . 0015 0 . 015 0 . 070 . 017 . 15 .3 . 07 0 Hematite-rich sandstone. 
2316 . 0015 3. 7. 0 . 413 . 102 . 003 1.5 1.5 . 007 Do . 
2319 . 0015 0 . 07 0 . 341 . 085 . 007 . 15 . 07 0 Pyrite-rich sandstone . 
2303 . 001 3. 7. 0 1. 178 . 300 . 0015 0 M 0 Calcite-cemented sandstone. 
2304 <. 001 7. ~7. 0 . 498 . 125 . 003 1.5 .7 0 Pyrite-rich sandstone. 
2305 <. 001 3. 3. 0 1. 820 . 055 . 007 0 1.5 0 Calcite-cemented sandstone. 
2306 <. 001 3. 7. 0 1. 814 . 446 . 0007 0 3 . 0 Rubble bed. 
2308 <. 001 3. .3 0 . 287 . 071 . 007 0 3. 0 Calcite-cemented sandstone. 
2317 . 0003 .7 3. 0 1. 607 . 402 0 . 07 .3 0 Pyrite-rich sandstone. 
6547X 0 1.5 1.5 0 . 206 . 050 . 015 0 7 . 0 Calcite-cemented sandstone. 

1 Amount of sample leached is 50 grams except where indicated: 2 48 g; a 45 g; 4 44 g; 5 40 g. 
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1nolybdenum are associated with the ore minerals. 
Rhenium and molybdenum were concentrated along 
with amorphous uraninite, paramontroseite, and 
hiiggite. 
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21. A STUDY OF URANIUM MIGRATION IN SANDSTONE-TYPE ORE DEPOSITS 

By JoHN N. RosHOLT, JR., Washington, D.C. 

Work done in cooperation with the U.S. A.tomio Energy Commission 

Radiochemical studies have been made on most of the 
large areas in the western United States in which uran
ium ore is produced from sandstone-type deposits. 
Analyses for Pa23

\ Th230
, Ra226

, Rn222
, and Pb210 were 

made, according to the methods described by Rosholt 
( 1954, 1957) and Rosholt and Dooley (in press), on a 
total of approximately 300 samples. 

The study of radioactive daughter product distribu
tion uses natural tracers to deduce the mode of the 
.migration of uranium. Apparent minimum and maxi
mum dates for the introduction or redistribution of 
uranium based on the Pa231/Th230 ratio in each sample 
have provided the best means for presenting the data. 
The primary assumption is that protactinium and 
thorium do not migrate in measurable quantities from 
the place where they are produced by decay of the 
parent uranium isotopes. This assumption is in many 
cases justified by the chemical properties of these two 
elements in natural geochemical environments. Be
cause of the 34,300 year half life of Pa231

, and the 80,000 
year half life of Th280

, involved in the age calculation, 
the practical limit of age determination by migration 
studies has been set at 250,000 years. Any ore, there
fore, whose maximum age is greater than 250,000 years 
could be of any greater age. 

Samples from the following uranium-producing 
areas were studied: South Riley Pass area (Harding 
County), S.Dak.; I-Iulett Creek area (Crook County), 
Shirley Basin (Carbon County), Gas Hills area and 
Crooks Gap area (Fremont County), Wyo.; Happy 
,Jack mine and ~1iVida. mine (San ,Juan County), 
Utah; Cougar mine (San Miguel County), Colo.; 
Ambrosia Lake dis~rict (Mcl{inley County), N. Mex.; 
l{arnes County and Palangana Salt mine (Duvall 
County), Tex. 

The interpretation of the analytical results and calcu
lations for the various deposits indicate that there are 

5577.53 0-60-4 

four basically different types of uranium migration or 
accumulation in sandstones. These could be defined as 
(a) migration from oxidized deposits with redeposition 
in carbonaceous materials, or as relatively insoluble 
sexivalent uranium minerals; (b) outward dissemina- . 
tion from high-grade ore bodies; (c) downward move
ments nearly simultaneous with lowering of water table, 
through sandstones containing little or no relatively 
old ore; and (d) accumulation well below the ground-
water saturation level. · 

Many examples of the first type, which leads to the 
deposition of sexivalent uranium minerals in carbona
ceous rocks, are described in the paper concerning the 
Colorado Plateau uranium ore compiled by Garrels and 
Larsen ( 1959). C. S. Robinson and I, in our study of 
the Hulett Creek area, have found carnotite and 
tyuyamunite minerals both in situ with primary 
urani urn minerals and redeposited at some distance 
from the primary source. Results from this area indi
cate that oxidation and formation of secondary minerals 
occurred perhaps intermittently, during the interval 
from 10,000 and 80,000 years ago. Similar redistribu
tion processes are recorded in many of the deposits 
studied, where oxidized uranium has moved downward 
or downdip and enrichment has subsequently occurred 
in carbonaceous zones. Secondary accumulation in 
carbonaceous matter is evident in the Happy Jack mine, 
the Gas Hills area, the South Riley Pass area, and the 
Ambrosia Lake district. 

The second type is that in which uranium migrates 
from a primary ore body of any age and progressively 
contaminates the surrounding host rocks; the total 
uranium content of the source is meanwhile diminish
ing. l\1uch of the disseminated uranium is not tightly 
bound in minerals but is leached out. · Nearly all rela
tively unoxidized deposits at or above the water table 
demonstrate. this type; it is predominant at the l\1i 
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Vida mine, in parts of the Happy Jack mine and the 
Ambrosia Lake deposits, and in the Karnes County de
posits. The main differencee between the two types is 
that the first represents a redistribution of uranium at 
some definite time, and the uranium is fixed in a more 
permanent environment, whereas in the second type 
uranium is in the process of passing outward from the 
high-grade source through the host sandstone. The 
apparent age relationships therefore provide an esti
mate of the time over which the dissemination process 
has been operating, rather than of the time during 
which the present species of uranium and its daughter 
products have remained in the rock represented by the 
sample. 

The third type, where a close correlation exists be
tween lowering of water table and movement of 
uranium, is represented by ore bodies in the Gas Hills 
area. Very little of the ore resulting from this kind 
of migration is believed to be more than a few million 
years old, and most of it is probably much younger. 
The correlation is quite apparent at some locations in 
the Lucky Mac open pit (Rosholt, 1958) and in the 
Wintz mine, eastern Gas Hills. Much of the uranium 
that is not firmly bound to carbonaceous matter prob
ably is fugitive and·in the process of moving toward the 
water table. 

The fourth type provides evidence used to introduce 
the concept of recent and present-day accumulation of 
urani urn at favorable locations well below the wa.ter 
table. The very consistent relations between uranium, 
Pa23\ Th23o, and Ra226 in samples representing a large 
tonnage of ore from the Hauber mine in the Hulett 
Creek area, Crook County, Wyo., indicate that the de
posit has had a simpler geochemical history than most 

deposits. The results of analyses indicate that the 
major part of the deposition of uranium started be
tween 40,000 and 130,000 years ago, and that the rate 
of deposition has been increasing up to the present time. 
Somewhat similar occurrences are represented by the 
ground-water-saturated deposits in the Crooks Gap 
area, in the Shirley Basin, and in the Palangana Salt 
mine. In these places, however, the apparent age re
lations are not quite as consistent as in the Hauber mine. 

This study has provided much evidence regarding the 
differing stability of uranium deposits in sandstone
type environments. As long as conditions at a given 
locality .remain favorable for fixation of uranium in the 
sandstone, the uranium content in that locality will i.n
crease. As soon as these conditions are removed the 
uranium concentration will be progressively depleted 
by outward movement of uranium into the surrounding 
sandstone. 
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22. DISTRIBUTION AND LITHOLOGIC CHARACTERISTICS OF SANDSTONE BEDS THAT CONTAIN DEPOSITS 
. OF COPPER, VANADIUM, AND URANIUM 

By R. P. FrscHER and J. H. STEWART, Denver, Colo., and Menlo Park, Calif. 

Work done in coopera.tion with the U.S. Atomio Energy Commission 

Sandstone deposits containing conspicuous accumu
lations of either copper, vanadium, or uranium, of both 
copper and uranium, or of both vanadium and uranium, 
are numerous and 'videspread in the western part of the 
United States, and a few occur in the Eastern States. 
The vanadium and uranium deposits have been the 

pnincipal domestic source of these metals; the copper 
deposits have not been very productive but are well 
known geologically as the "red-beds" type (Finch, 
1933). 

The ore minerals below the zone of oxidation are 
sulfides of copper and low-valence oxides and silicates 
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of vanadium and uranium, in which these.metals do not 
combine with one another. Pyrite and marcasite are 
comn1on accessories but are genera.lly not abundant. In 
the zone of oxidation many secondary minerals form, 
som.e of which contain two of these 1neta.ls. The ore 
minerals mainly fill pores in the sandstones. Intro
duced gangue minerals other than those that commonly 
cement sandstone are inconspicuous or absent. The 
typica.l ore bodies are lenticular or tabular and nearly 
parallel to bedding. · 

The host sandstones are chiefly nonmarine; most of 
them accumulated by stream action, but a few by wind, 
or under lake or shoreline conditions. The copper de
posits are mainly in first-cycle arkosic sandstones de
rived from granitic rocks; the vanadium deposits, with 
or without much uranium, are dominantly in second
cycle sandstones derived from sedimentary rocks; and 
the uranium deposits with little or no vanadium or 
copper are in either first- or second-cycle sandstones, 
commonly associated with beds containing altered vol
canic debris. The geologic and geograJphic distribu
tion of the principal host rocks and their characteris
tics a.re tabulated and described below; deposits in beds 
of Triassic age, where relations are somewhat complex 
and confusing, are discussed separately. 

"Red-beds" copper deposits, some containing ura.
nium and some a trace of vanadium, are·most abundant 
in the Permian sandstones of Oklahoma, Texas, and 
New Mexico. The host rocks are coarse-grained ar
kosic beds containing fresh feldspar grains; they are 
first-cycle sediments, derived directly from areas of 
granitic rocks and deposited by streams. 

Vanadium-uranium deposits are abundant in the 
Salt Wash member of the ~1orrison formation, which is 
of Jurassic age, in western Colorado and eastern Utah. 
Similar deposits, though with less vanadium, occur in 
the Inyan l{ara group, of Cretaceous age, in the Black 
Hills area of South Dakota and vVyoming. The ore
bearing sandstones in both the Salt vVash (Craig and 
others, 1955) and the Inyan J{ara (Bergen back and 
others, 1957) are stream-laid, fine to medium grained, 
and rich in quartz; they were derived mainly from 
pre-existing sediments, though from different source 
areas. Beds containing some altered volcanic ash are 
associated with the ore-bearing sandstones in both 
units: There are a few large vanadium deposits, con
taining only a little uranium, in the Entrada sandstone· 
of Jurassic age and the Navajo( n sandstone, of Juras
sic and Jurassic ( ~) age, in western Colorado. These 
sandstones are composed of well-sorted quartz grains; 
they were probably derived from older sandstones and 
accumulated by wind action. 

Large uranium deposits that contain little or no va
nadium or copper occur in the West water Canyon and 
.Brushy Basin members of the Morrison formation in 
New Mexico (Hilpert and Moench, 1958), in several 
Tertiary formations in Wyoming. (Grutt, 1956), and 
in the Jackson formation (Eargle and Snider, 1957) 
and Goliad sand, both of Tertiary age, in Texas. The 
deposits in New Mexico are near the southern edge of 
Morrison accumulation, in arkosic sandstones that 
were laid down by streams and derived, at least in part, 
from igneous rocks. Associated with these beds are 
mudstones rich in altered volcanic ash. The ore-bear-

Distribution and characteristics of the sandstones that are hosts to deposits of copper, vanadium, and uranium 

[Plus sign indicates wholly or dominantly or the class shown; minus sign indicates subordinate part; question mark indicates uncertainty) 

Genetic classification 
Abundance or 

Metal class System Dominant location, lithology, and environment of deposition 
First Second 

deposits Other remarks 

cycle cycle 

Cu u.nd Triassic ______ Utah, N. Mex.; sandstone, conglomerate; -? +? moderate 
Cu-U stream. 

Permian ______ Okla.,· Texas, N. Mex.; arkosic sandstone; + -------- many 
stream. 

Devonian _____ Penna.; graywack~; stream ___________________ + -------- few 

v-u Cretaceous ___ S.Dak., Wyo., N. Mex.; sandstone; stn'\am _____ -------- + many 

Jurassic ______ Colo., Utah, Ariz.; sandstone; stream __________ + many} 
{Adjoining beds 

-------- are somewhat Triassic ______ Utah, Ariz.; conglomerate, sandstone; stream ___ -? +? few 
tuffaceous 

u Tertiary ______ Wyo., Colo., Texas; arkosic sandstone; stream __ + - many 
Adjoining beds Cretaceous ___ N. Mex.; Ariz.; Colo.; sandstone; stream _______ - + few 

Jurassic ______ N. Mex.; arkosic sandstone; stream ____________ + - moderate 
are commonly 
tuffaceous Triassic ______ Utah, A~iz., N. Mex ; conglomeratic sandstone; -? +? many 

stream. 
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ing Tertiary sandstones in Wyoming were laid down 
by streams in intermontane basins bordered by upland 
masses in which granitic rocks were exposed. They 
are for the most part conspicuously arkosic, and some 
beds are tuffaceous. The host beds in Texas are 
stream and shoreline deposits consisting chiefly of 
sands and muds derived :from sedimentary rocks, but 
they contain some tuff and bentonite. 

Copper deposits, some with uranium, occur in the 
Shinarump member of the Triassic Chinle formation in 
southeastern Utah, in the Agua Zarca sandstone mem
ber of the Chinle in northwestern New Mexico, and in 
some beds of the equivalent Dockum group in north
eastern New Mexico. These host rocks were probably 
derived in part from granitic and metamorphic rocks 
of the Ancestral Rocky Mountains, though they are not 
conspicuously arkosic. The Shinarump also contains 
vanadium-uranium and uranium deposits in Arizona 
and southern Utah, but this part of the Shinarump 
was derived from sedimentary, volcanic, and perhaps 
granitic rocks to the south. Other members of the 
Chinle formation contain vanadium-uranium and 
uranium deposits in Arizona and Utah, and these units 
also were derived from areas lying south of them. All 
the Triassic ore-bearing units are stream deposits. 
Altered volcanic debris is abundant in some of the asso
ciated beds (Stewart and others, 1958). 

Although many geologists believe that these copper, 
vanadium, and uranium deposits represent a particular 
type having a similar origin, no single genetic hypothe
sis is generally accepted. The geochemical habits of 
these metals may supply an explanation of their dis
tribution in the deposits that contain them, and con
tinued study may ultimately lead to a better 
understanding of the origin of the deposits. 

All three metals are dispersed in igneous rocks, but 
not in close association. Copper and uranium enter 
the hydrothermal environment, but there is scant record 
of vanadium in hydrothermal solutions and veins 
(Fischer, 1959). Some of the uranium and most of the 
copper minerals in igneous rocks and veins oxidize 
readily, and the metals then go into surface- and 
ground-water solutions, where they are available to cir-

culate in first-cycle sediments. Much of the vanadium 
in igneous rocks goes into clay minerals formed by 
weathering; diagenetic reactions and a second cycle of 
weathering may be required to mobilize this metal. All 
three metals may be precipitated from solutions in 
the presence of a reducing agent, such ·as the carbona
ceous material or associated sulfide and ferrous ions 
commonly found in the host rocks of the deposits con
taining them. Perhaps the oxidation or devitrifica
tion of volcanic ash may contribute uranium to ground 
waters (and to either first- or second -cycle sediments) , 
as does the weathering of igneous rocks. 
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23. LEAD-ISOTOPE AGE STUDIES IN CARBON COUNTY, PENNSYLVANIA 

By T. "'\V. STERN, L. R. STIEFF, HARRY J(LEl\IIC, and M. H. DELEVAux, Washington, D.C. 

Work done in coope1·ation with the U.S. Atomic Energy Commission 

Urn,nium minernls in sandstones have been known 
for years :in Carbon County, Pennsylvania (Genth, 
1875; 'VhetTy, 1912; IClemic and Baker, 1954), but 
their geologic age has never been studied. Recently we 
made lead-isotope age determinations on two samples 
of urnn iurn-benring sandstone (i1os. 346, 538) from the 
l\1ount Pisgah deposit in the basal sandstone and con
glomerate member of the l\1auch Chunk-Pottsville 
transition zone, in the l\1auch Chunk formation (l\1is
sissippian) near ,Jim Thorpe, Pa. 'Ve also studied 
two well-cemented sandstone samples containing dis
seminated uraninite ( 403, 586) and a sample of claus
thnJite (512) from an uranium occurrence in ·the upper 
part of the Catskill formation (Devonian) near Penn 
lTaven Junction. In addition, specimens of galena 
collected at Nesquehoning from post-Pottsville rock of 
Pennsylvanian age ( 584) and from tension fractures in 
the Trimmers Rock sandstone of '\Villard, 1935, o:f 
Devonian age ( 529) near 'Valcksville have been ana
lyzed. The data obtained are given in table 23.1. 

rl'AnLg 23.1.-A.nalyUca.l ll.ata on ga.lena, clau.sthalite, and 
1t'ra:rvi'Wm-bca:l"ing samples t·rmn Ca·rbon Cou.nty, Pa. 

Sample 
A tom ratios of lend isotopes 2 

Phi lJI 
(percent) (percent) 

N204/N2os N2o1/N2oe N2o1/N2os 

340 a ••••••••••••••••• 0. 05 14.4 0. 029 0.051l81 10.54 
±.003 ±.0003 ±.05 538 3 _________________ 

. 21 4. 34 .027 . 0564 11. h 
:1:.001 ±.0003 ±.04 580 a _________________ 3.30 12.4 .021l06 . 4127 . 4387 
:1:.0001 ±.0009 ±.0002 

403 a ................. .055 50 .02596 . 3444 . 4507 
::1:.0002 ::1:.001/i ±.0018 512 4 _________________ 

48.6 4.0 .02627 . 7837 .409g 
::1:.0002 ::1:.002 ::1:.0008 

529 ·----------------- 83.9 . 0007 .02606 . 8464 .4092 
::1:.0002 ::1:.0015 ::1:.0013 

584 ·----------------- 79.3 .003 .02636 . 827a . 408a 
::1:.00007 ±.0003 ±. 0003 

I Analysts Grafton J. Daniels and J. J. Wnrr. 
2 Limits of uncertainty nrc tho range of averages of repented ratio measurement or 

the Pb+ and Phi+ spectra. 
a Precision of colol'imotrlc lend and uranium determination is approximately one 

percent nnd tho nccurncy or these methods is 5 and 2 percent respectively. 
4 Omvimctric !carl methods nrc reproducible to better than 1 percent and are be

lieved nccumte to within 2 percent. 

The "trial" lead-uranium and lead-lead ages of the 
ura.nium-bearing Sttmples from l\1ount Pisgah and Penn 
IIaven Junction obtained by the conventional methods 
of n,ge calculation are discordant (table 23.2) and pre-

sent three distinct problems: (a) The two Penn Haven 
,Junction Pb207 1Pb206 ages disagree; (b) The two 
discordant Penn Haven Junction age sequences (Pb206l 
u2as < Pb2o1;u2a5 « Pb2o1 IPb2oa and Pb2oa;u2as > p}Yor 1 
U 235 » Pb207 1Pb206 ) are reversed ; and (c) The Pb207 I 
Pb206 ages of the uranium ores in l\1ississippian-Penn
sylvanian rocks from Mount Pisgah are impossibly old. 

TABLE 23.2.-Calcnlntcd "trial" ages, in rnillions of years 1 

Number Locality 
Age of enclosing 
rocks (millions Pb206fU238 Pb207fU23~ Pb207jPb206 

of years) 

346 ______ Mount Pisgah. } Mississippian- 314 325 413 
Pennsylvanian 

538 ______ ..... do ........... 330.2 300 312 402 
403 ______ Penn Haven }Devonian 220 245 305 

Junction. 41Q-355 3 

586 ...... ....• do ........... 40Q-350.3 438 428 368 

1 "Trial" ages obtained using Nesquehoning galena (584), Pb20S as the common 
lend Index, and age calculation tables (Stieff and others, 1959). 

2 Kulp (1959). 
s Holmes (1960). 

The discrepancy between the two Penn Haven Junc
tion Pb207 1Pb206 ages may be a result of past alteration, 
of original contamination at the time of mineral deposi
tion by an older generation of radiogenic Pb207 and 
Pb206, or of mass spectrometric errors. As radon loss 
cannot account for the age sequence of samples 586 or 
for the Pb207 1Pb206 ratio of the associated clausthalite 
(sample 512), it seems unlikely that this process is re
sponsible for the discordant age sequence of sample 403 
in view of the field and mineralogic relations. If mass 
spectrometric errors are averaged, the slope of the line 
passing through the measured N2o1/N2os and N2oa/N2os 
ratios of samples 584, 512,, 586, and 403 (fig. 23.1) is 
equal to a N2odN2oa ratio of 0.0524 and a Pb207/Pb206 

age of 315 million years ( Stieff and others, 1959). This 
average lead -lead age is so mew hat low for a syngenetic 
Devonian deposit. If the.bulk of the mass spectrometric 
errors are assigned to the measurement of the Pb207 1Pb208 

ratio of sample 403 (table 23. ~), the Pl>W7 1Pb206 ages of 
403 and 586 a.re both approximately 370 million years. 

Acceptance of the mass spectrometric data, on the 
other hand, leads to one of two conclusions. First, the 
alteration of the ore occurred at some time in the past 
history of the ore and the "true" age of the ore ·is in 
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FIGURE 23.1.-Plot of N~01/N~os versus N2oo/N2os lead isotope ratio of the samples from Penn Haven Junction, Walcksville, and 

Nesquehoning. 

excess of 370 million years. Alternately, contamination 
of the ore at the time of deposition, not only by common 
lead but also by an older generation of radiogenic lead, 
would require that the Penn Haven Junction deposit 
be epigenetic and less than 200 million years old. 

vVhether the assumed alteration was recent or old, 
the reversal of the Penn Haven Junction age sequences 
implies that within the same small outcrop sample 403 
lost lead or gained uranium, while sample 586 gained 
lead or lost uranium. The extensive .alteration implicit 
in the magnitude of these discordant age sequences is 
difficult to reconcile 'vith the absence of secondary 
minerals at the outcrop and the fresh appearance of 
the tightly cemented sandstone host rock. However, 
the single geologic process-contamination of old radio
genic lead at the time of deposition-is compatible with 

the discordant age sequences, the observed field rela
tionships, and the occurrence of the radiogenically en
riched clausthalite (sample 512). 

The most perplexing aspect of the Mount Pisgah age 
data is the presence of radiogenic lead with a maximum 
corrected Pb207/Pb206 age of approximately 415 million 
years--impossibly old for Mississippian and Pennsyl
vanian sedimentary rocks. The common lead contami
nation for the Mount Pisgah samples is so small that 
any reasonable choice for the isotopic composition of 
the contaminating common lead will not signifi
cantly affect the corrected PlY07/Pb206 age of the ores. 
Although secondary uranium minerals are abundant 
at Mount Pisgah, the older Pb207/Pb206 ages of the ores 
cannot be explained by recent lead loss, and past altera
tion would only make the age anomaly greater. The 
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FIGURE 23.2.-Plots of the total tN20dN~35 versus tN2oo/N23s and normalized difference ratios. 

remaining alternatives are additions of old radiogenic 
lead or radon loss. In the latter instance, the essential 
identity of the Pb207 /Pb206 ages of samples 346 and 538, 
coupled with the threefold difference in uranium 
concentration, strongly suggests that radon loss, pre
dominantly a diffusion process, is not the significant 
factor in the age discrepancies. 

'"!"'he graphical analysis of the discordant Carbon 
County ages in terms of·old radiogenic lead conta.mina
tion is shown in figure 23.2. The normalized difference 
ratios for the sample pairs from Penn II a ven Junction 
and ~iount Pisgah are represented by the points ( 403-
586) and ( 538-346) respectively ; the index isotope 
Pb208 being used to normalize the data.. The points 
whose coordinates are equivalent to discordant trial 
lead-uranium ages of table 23.2 are plotted using square 

symbols. A detailed treatment of this new graphical 
procedure has been described by Stieff and Stern (in 
press). 

To make the graphical analysis shown in figure 23.2, 
it is necessary to assume that (a) there was only one 
period of mineralization for each deposit; (b) the min
eralizing solutions for each· deposit were contaminated 
by a single common lead and a single generation of an 
older radiogenic lead; and (c) they have not been re
cently altered. These assumptions appear to be geo
logically reasonable. 

Accepting assumptions (a) through (c), it is now 
possible to obtain one concordant ( Pb206/U238 = Pb207 1 
U 235

) age for both deposits by passing a line through 
the points ( 403-586) and 538-346) and noting the in
tersection with the concordant age curve. This inter-
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section has N2o1/N2::~s and N2oa/N2as ratios of approxi
mately 0.127 and 0.0190, respectively, and is equiva
lent to the concordant age of 123 million years. As
suming an isotopic composition of the contaminating 
common lead similar to the Nesquehoning galena plus 
original radiogenic lead, concordant ages of 115 and 
135 million years are obtained for Penn Haven Junc
tion and Mount Pisgah, respectively. Maximum ages 
of source rock providing the old radiogenic lead range 
from approximately 350 to 475 million years. 

The limitations imposed both by the number of sam
ples available and the analytical data do not justify 
any emphasis on an exact age solution. However, the 
conelusion that both Carbon County uranium occur
rences were formed near the end of the Jurassic or 
early in the Cretaceous would appear to be mathe
matically and geologically sound. 
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24. URANIUM AT PALANGANA SALT DOME, DUVAL COUNTY, TEXAS 

By ALICE D. 'VEEKS and D. HoYLE EARGLE, Washington, D.C., and Austin, Tex. 

Work done in cooperation with the U.S. Atomic Energy Oomntission 

One of the most unusual uranium deposits discovered 
in recent years is in Pliocene sediments above the cap
rock of Palangana salt dome, in Duval County, Texas. 
Palangana is in the Coastal Plain, about 70 miles west 
of the Gulf of Mexico and 100 miles north o{the Rio 
Grande. The salt dome was discovered in 1916; sulfur 
was produced from the ca.prock in the 1920's and early 
1930's, and during the same period a few thousand bar
rels of oil was produced from shallow sands above the 
cap rock (Barton, 1925). At present brine is being pro
duced by the Columbia Southern Chemical Company, 
and it was this company that discovered the uranium 
by gamma-ray logging of holes drilled in a search for 
potassium. 

The surface expression of Palangana salt dome is a 
shallow basin in a brush-covered plain tha.t slopes east
ward about 20 feet per mile and is capped with a nearly 
continuous layer of caliche. The dome is covered by 
the Goliad sand (Pliocene), which dips 25 to 40 feet 
per mile east-southeastward and overlaps middle Ter
tiary rocks (Sayre, 1937) (fig. 24.1). The Goliad sand 
overlaps unconformably on the Lagarto cla.y (Mio
cene~), which is dominantly an impervious clay with a 
few sand lenses, on the Oakville sandstone (Miocene) a 

massive sand with some gravel, clay balls and ashy clay, 
and on the Catahoula tuff (Miocene~), which contains 
highly tuffaceous sand and clay and volcanic conglom
erate (Sayre, 1937), and on the Frio cla.y (Oligocene~), 
which is dominantly clay and relatively impermeable. 

l\{ost of the Tertiary sediments, but especially the 
Catahoula tuff, contain large quantities of volcanic 
detritus, pebbles, sand grains of igneous minerals, and 
shards of glass. The most abundant rock types are 
chiefly andesite, trachyandesite, and soda trachyte 
(Bailey, 1926). The outcropping rocks of the Cata
houla are slightly to considerably altered by alkaline 
ground water, which caused the development of a 
caliche cover, opal, and chalcedony cements, and for
mation of zeolites. The most likely sources of the 
Cat.ahoula sediments appear to be the igneous rocks of 
Mexico, 100 miles or more to the west, or those of the 
Big Bend country, 300 miles northwest. Recent analy
ses of a suite of the Big Bend rocks indicate they con
tain more than average quantities of uranium (David 
Gottfried, written communication, 1959). 

The salt of the Palangana dome is 850 to 1,000 feet 
below the surface (fig. 24.1). It is capped by anhy
drite, gypsum, sulfur, and carbonate rock several hun-
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dred feet in total thickness. The uranium ore, chiefly 
very fine eli vided sooty pitchblende, occurs at a depth 
of about 325 feet, more than 100 feet above the caprock. 
It is in highly calcareous clay-ball conglomerate inter
bedded with friable fine- to medium-grained sand lo
cally impregnated with a· little oil. Only a few beds 
are firmly cemented. The conglomerate contains black 
chert pebbles, nodular authigenic chalcedony, a little 
partly silicified fossil wood, and a few vertebrate fos
sils. Several horse teeth and a dog tooth found by 
company personnel and by us were identified by Prof. 
.J. A. vVilson, of the University of Texas, as belonging 
to the fauna of the basal member of the Goliad sand. 

The electric and the lithologic logs of drill holes on 
the dome have been correlated with those of drill holes 
a few miles northwest of the dome. The logs were cor
related by means of clay-ball conglomerate at the base 
of the Goliad. The deepest core which we examined 
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was 460 feet deep and on the dome. The sediments 
above the conglomerate show minor variations, but 
they consist mainly of moderately to very fine grained 
silty sandstone or sanely clay and are all at least 
slightly calcareous. The differences between the cores 
are in the rocks below the conglomerate and in the color 
of the ore zone. Over the salt dome between depths of 
about 276 and 460 feet the rocks within the ore zone 
as weil as those in the first 50 feet above it and those 
below it are greenish gray, whereas off the dome cor
relative rocks are pinkish to yellowish gray. This 
color and the fine-grained disseminated pyrite in the 
ore zone and under it are due to the reducing environ
ment of the. H 2S emanating from the caprock. The 
sand under the ore zone contains reworked foraminif
era and is believed to be Oakville sandstone. The 
Lagarto clay is not present on or close to the dome. 

In March 1959 a suite of samples was collected along 
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FIGURE 24.2.-Graph of selected data from radiometric, chemical, and semiquantitative spectrographic analyses of suite of 
samples through the ore zone at P.alangana. 
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a vertical section through the ore zone in the small 
prospect mine. The rocks contain much water, are at a 
temperature of about 90° to 100° F, and give off con
siderable lCS. Spectrographic and chemical analyses 
of the samples show that concentrations of the easily 
oxidizable and reducible elements iron, uranium, 
molybdenum, and vanadium are directly correlated (fig. 
24.2). The ore zone contains several hundred times as 
much uranium as average sandstone, about 75 times as 
much molybdenum, and about 5 times as much vana
dium. l\iolybdenum and vanadium though n1uch less 
abundant than uranium are present in amounts that are 
significant when one considers that these elements com
monly accompany uranium in the Colorado Plateau 
(Garrels and ot-hers, 1957). The carbonate content 
(percentage of acid-soluble fraction) ranges from 17 to 

37 percent; the highest is in the firmly cemented sand
stone 12 feet from the bottom in this suite~ 

The equivalent uranium of these samples differs con
siderably from the actual uranium content. Radio
chemical analyses by ~T. R. Hosholt, Jr., sho'v the na
ture of the disequilibrium (fig. 24.3). If the uranium 
and its daughter products were in perfect equilibrium, 
all the ratios "·ould be 1 and would be represented by 
a horizontal line. The graph shows, however, that the 
three samples of ore grade are all low in radioactivity, 
and the six samples below ore grade high in radio
activity, as compared with uranium content determined 
chemically. The amount of radium in these samples 
is quite variable, and it is uncertain whether radium 
was added or uranium extracted from any particular 
sample. l\iigration is obviously taking place in this 
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deposit, and in spite of moderately reducing conditions 
the uranium is not very firmly fixed. 

"\V e believe that urani urn was leached by alkaline 
carbonate water from the volcanic material in the 
Tertiary sediments, chiefly from the Catahoula tuff but 
possibly in part from other rocks that contain a smaller 
proportion of volcanic debris. This is highly reason
able because (a) of the large volume· of volcanic detritus 
that contains above average uranium,. (b) the sediments 
consisted of highly reactive or unstable material in a 
terrestrial deposit, (c) the climate was hot, and so dry 
that leached products would remain in more concen
trated solution than in humid climates. A consistent 
geochemical environment is indicated by the extensive 

,<;>caliche cap, the presence of highly mineralized ground 
water, the widespread occurrence of opal and chalced
ony, the presence of many small concentrations of 
uranium in surface outcrops of the tuffaceous rocks, and 
by the zeolitic alteration of those rocks. Some of the 
uranyl carbonate in solution probably migrated down-

dip in permeable beds confined between less permeable 
clay beds until it reached the reducing environment of 
the salt dome. The precipitated uranium is very fine 
grained and disseminated; this fact as well as the radio
chemical relationships indicates that the deposit is very 
young and unstable, and that it probably is still in the 
process of formation or modification. 

REFERENCES 

Bailey, T. L., 1926, The Gueydan, a new middle Tertiary forma
tion from the southwestern coastal plain of Texas: Univ. 
1'exas Bull. 2645, 187 p. 

Barton, D. C., 1925, Salt domes of South Texas: Am. Assoc. 
Petroleum Geologists Bull., v. 9, p. 536--589. 

Garrels, R. M., Hostetler, P. B., Christ, C. L., and Weeks, A. D., 
1957, Stability of uranium, vanadium, copper, and molyb
denum minerals in natural waters at low temperatures and 
pressures [abs.] : Geol. Soc. America Bull., v. 70, p. 1127-
1184. 

Sayre, A. N., 1937, Geology and ground-water resources of 
Duval County, Texas: U.S. Geol. Survey Water-Supply 
Paper 776, 116 p. 

25. PARAGENESIS OF URANIUM ORES IN TODILTO LIMESTONE NEAR GRANTS, NEW MEXICO 

By ALFRED H. TRUESDELL and ALrcE D. WEEKs, Washington, D.C. 

Work done in cooperation with the U.S. Atomic Energy Commission 

The Todilto limestone is locally replaced by minerals 
of uranium and vanadium, and to a lesser extent by 
minerals of fluorine, iron, lead, manganese, molyb
denum, and selenium. The replacement started along 
grain boundaries, especially where the grains were dis
similar-for instance, along the. borders of detrital 
quartz or feldspar, between coarse- and fine-grained 
calcite, or around carbonaceous masses. The uraninite 
was initially deposited as colloform coatings from 
which it expanded in rounded shapes into adjoining 
fine-grained calcite. The colloform bodies tended to 
coalesce, and in places they replaced the ·rock almost 
completely, leaving only relict quartz grains. 

The ore can be loosely classified into three types: 
uranium ore, uranium-fluorine ore, and uranium
vanadium ore (fig. 25.1). 

The simplest type is uranium ore containing no ap
preciable quantity of vanadium or fluorine. This 
occurs partly in separate deposits and partly within 
deposits containing irregularly distributed vanadium 
minerals. Polished sections show that some pyrite was 

formed before uraninite and coffinite and was strongly 
corroded by those minerals. Colloform uraninite re
placed the limestone, starting along grain boundaries 
and finally replacing the grains themselves. Detrital 
grains commonly served as nucleating centers, as did 

1 

boundaries between coarsely crystallized light-colored 
calcite and their finer grained limestone matrix; ore 
formed on these boundaries commonly extends into and 
replaces the limestone. 

Later, coffinite coated the uraninite and filled shrink
age cracks that developed within it. The last-depos
ited uranium was in a fine-grained int~rgrowth of 
calcite and uraninite. Euhedral galena crystals were 
deposited at the same time as the uraninite and coffinite 
and have been partially replaced by calcite. In a few 
specimens the ore. has been shattered and the fractures 
filled with late calcite. Late pyrite is also found in 
some polished sections; it replaces detrital grains, 
starting along their boundaries, and may surround the 
uraninite border of a grain. 
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U ore U- F ore U-V ore 

Calcite -- -- ---- - - - - -- -- -- -- -- --
Pyrite -- -- - - --- -- -- -- --
Uraninite ---- -- -- - - - --
Coffinite -- --
Galena ------- ------ - -
Fluorite --
Haggite -- - -
Paramontroseite --
Vanad ium clay --
Marcasite --
Hematite --

FIGURE 25.1-Paragenesis diagram of three types of uranium ore in Todilto limestone. 

The fluorite-bearing uranium ore is scarcer than the 
other types. The limestone has been recrystallized and 
partly replaced by purple fluorite; certain favorable 
layers were completely replaced, and irregular masses 
above and belon· them partly replaced. The fluorite 
seems to have been introduced after partial recrystal
lization of the rock but before the uranium mineraliza
tion (fig. 25.1). Some ostracod shells were partly filled 
with fluorite, but most are filled with recrystallized cal
cite even if completely surrounded with fluorite. This 
indicates that some recrystallization preceded the in
troduction of fluorite. Later, coarse calcite cut the 
fluorite, and then both of these were replaced dendriti
cally by uraninite and pyrite (fig. 25.2). Most of the 

FIGURE 25.2.-Uranium-fluorine ore. Fluorite (dark-gray, 
fiuor) has replaced fine-grained limestone (medium-gray, 
Zst) and has been itself replacecl by coarse calcite (meclium
gray, calcite). The calcite and fluorite are replaced den
dritically and along grain boundaries by uraninite (light
gray, u) and pyrite (white, p). Uraninite, pyrite, and 
galena (white, g) have also precipitated at the boundary 
between limestone and fluorite. Polished section. Manol 
pit, sec. 30, T . 13 N., R . 9 W., ~lcKinley County, N. ~lex. 

uraninite is in interstitial replacements in the fine
grained calcite adjacent to the fluorite. Some of the 
pyrite was replaced by uraninite and galena, but most of 
it is later than these minerals. Cracks in the late pyrite 
are filled with fine-grained calcite, which also corrodes 
and partly replaces galena. 

No evidence of uraninite-fluorite intergrowth was 
noted in the polished sections, nor of a genetic connec
tion between these minerals in time and space. Both the 
uraninite and the fluorite occur alone as commonly (or 
more commonly) as they do together. 

Although the average vanadium-uranium ratio of the 
Todilto ores is in general less than 1 : 1, the vanadium 
is spottily distributed both areally and in detail. The 
minerals in relatively unoxidized uranium-vanadium 
ore are uraninite, coffinite, haggite, paramontroseite, 
vanadium clay, barite, pyrite, galena, specular hema
tite, and calcite. 

In polished sections it can be seen that some recrystal
lization of calcite preceded and some accompanied the 
deposition of the ore minerals. Precipitation of ore 
minerals generally began along grain boundaries and 
then gradually replaced the grains themselves. Some 
open spaces, probably solution cavities, became lined 
with ore minerals and were later filled with coarse cal
cite. Early pyrite became severely corroded and re
placed by the ore minerals. Most of the vanadium min
erals were deposited before the uraninite (fig. 25.1). 
Haggite (color bronze in polished section, with strong 
blue, yellow, and orange polarization colors) was partly 
deposited in blades at the margins of solution channels, 
partly in fine fibers replacing limestone along grain 
boundaries (fig. 25.3), and partly intergrown with para
montroseite in rosettes between generations of re
crystallized calcite. Some haggite has replaced mon
troseite ( n to form multiple crystals which together 
form a blade. In some places the haggite was preceded 
by a vanadium clay that formed nearly spherical aggre
gates enclosing pyrite or organic matter (fig. 25.3). The 
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FIGURE 25.3.-Uranium-vanadium ore. A solution opening has 
been filled with vanadium clay (rubbly appearance, vc), 
pyrite (white, p), galena (white, g), hii.ggite (very light 
gray, h), and coarse calcite (medium gray, calcite). The 
vanadium clay coats organic matter (black, or) and the 
hiiggite has been coated and partially replaced by uraninite 
(light gray, u). Polished section. F 33 mine, sec. 33, T. 12 
X, R. 9 W., Valencia County, N. Mex. 

borders of detrital grains of quartz and feldspar were 
favorable sites for deposition of this clay, which has 
slightly to almost completely replaced them. 

Haggite was followed by colloform uraninite, which 
coated the haggite blades and rosettes and has charac
teristic shrinkage cracks. The uraninite was partly or 
wholly replaced by coffinite, which reflects a little less 
light in polished section. The coffinite spread inward 
along the shrinkage cracks in the uraninite and grew 
along boundaries between uraninite and haggite. The 
deposition of coffinite may indicate that the replacement 
of detrital grains by earlier ore minerals had released 
enough silica to saturate the solution with respect to 
uranium silicate. Some blades of haggite are almost 
completely replaced by calcite, leaving a ring of 

uranium minerals. Galena was deposited during and 
after the deposition of the uranium minerals, and it re
placed early pyrite and haggite. The galena nearly 
always forms cubes; where it is irregular, it is usually 
in a cubic hole that indicates its original cubic form. 
The pyrite very seldom forms euhedral grains. The 
last uranium was precipitated as intimate intergrowths 
of uraninite and calcite, which in the highest grade 
samples have almost completely replaced calcite grains. 
Some late haggite was formed in spaces between blades 
of earlier haggite ringed with uraninite. 

The solution openings were filled with coarse calcite, 
often enclosing irregular areas of vanadium clay and 
ghost crystals of pyrite and marcasite. In a few places 
vanadium clay is ringed with specular 'hematite. 
·where solution cavities were absent, late pyrite or 
marcasite appears to have replaced uraninite-ringed 
quartz without replacing the uraninite (fig. 25.4) . 

FIGURE 25.4.-Uraninite (light-gray, u) along grain boundaries 
of quartz (dark gray, q). Late pyrite (white, p) seems to 
replace quartz grains along boundaries without replacing 
uraninite. Polished section. Faith mine, sec. 29, T. 13 X. , 
R. 9 W., :\IcKinley County, X. l\lex. 

26. PITCHBLENDE IDENTIFIED IN A SANDSTONE-TYPE URANIUM DEPOSIT IN THE CENTRAL PART OF THE 
AMBROSIA LAKE DISTRICT, NEW MEXICO 

By HARRY C. GRANGER, Denver, Colo. 

The Ambrosia Lake district, in McKinley County, 
N.Mex., contains the largest kno,vn reserves of uranium 
in the United States. Its ore deposits are being m
tensively studied by the V.S. Geological Survey. 

Most of the uranium in the district occurs in the form 
of coffinite in deposits in the w-estwater Canyon mem
ber of the Morrison formation. Recently, however, a 
small amount of pitchblende (uraninite) was identified 
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in the l(ermac Sec. 22 mine. This is the first pitch
blende reported from the central part of the district. 

The occurrence was rep~rted by David Smouse, geol
ogist nt the l(ermac mine, and was later sampled by 
me. Identification was verified from X-ray powder 
pattern by Edward Young, U.S. Geological Survey. 
The pnttern was somewhat diffuse, indicating either 
extremely small grain size or poor crystallinity. 

The pitchblende occurred on the 6,450-level, about 
100 feet below the premining water table, in a vug ex
tending nlong n n01thwest-trending fracture. Most of 
it formed a hard, black, vitreous, botryoidal crust less 
than 2 mm thick and having an area not more than 2 
feet in diameter, on the walls of the fracture and vug. 

The remainder of the vug was filled with calcite, and 
the adjncent rock contained much disseminated pyrite. 

Although this occurrence was below the ground
water table, hematite and limonite derived £rom oxi
dized pyrite also occur extensively on the same level of 
the mine. It appears likely that the pitchblende was 
deposited from ground-water solutions that acquired 
uranium by oxidizing nearby coffinite. 

Pitchblende has also been identified from other sand
stone-type deposits near the edges of the district, but 
these were partly oxidized deposits, near the outcrop 
and well above the ground-water table. To date, no 
pitchblende has been recognized in any deposit that is 
not either above the water table or near oxidized rock 
below the water table. 

27. METAMORPHIC GRADE AND THE ABUNDANCE OF Th02 IN MONAZITE 

By WILLIAM C. OVERSTREET, Beltsville, Md. 

Work done in cooperation with the U.S ... 4.tomio Energy Commission 

Monazite, an anhydrous phosphate of the cerium 
earths, commonly contains a small amount of thorium. 
Thorium for industry has been obtained from monazite 
since the 1880's. Before that period only a few speci
mens of ·monazite had been analyzed, to satisfy the 
curiosity of scientists, but after industrial needs arose, 
hundreds of samples of monazite £,rom many districts 
were analyzed to determine whether they could serve as 
commercial sources of thorium. The results of these 
analyses are scattered in the literature, and until re
cent.ly many obscurely published analyses were virtu
ally lost. It is now possible, however, with the help of 
the extensive bibliographic card file of uranium and 
thorium compiled by ~1iss ~1argaret Cooper and her 
co-workers in the U.S. Geological Survey and U.S. 
Atomic Energy Commission, to review the world litera
ture in a practicable length of time. During the past 
year I have examined about 800 of some 1,200 references 
to monazite published before 1959. From this unfin
ished re,·iew a pnttern emerges that I interpret as evi
dence that monazite goes through a previously unrec
ognized geologic cycle. The chief features. of the cycle, 
in appropriate rocks, are these: Detrital monazite is 
tJnst:able in early stages of regional metamorphism, but 

as the metamorphic grade of its host rises, monazite be
comes increasingly abundant and also richer in Th02. 

GEOLOGIC DISTRIBUTION OF MONAZITE 

Accessory monazite is widely distributed in meta
morphic rocks of intermediate and high rank derived 
from ·pelitic sediments. It is especially common in 
schists, gneisses, and migmatites of the higher rank 
subfacies of the amphibolite and granulite facies. It 
may occur in plutonic rocks ranging in composition 
from diorite to muscovite granite, and in associated 
pegmatite, greisen, and vein quartz. In this group it is 
most often observed in biotite-quartz monzonite, two
mica granite, and cassiterite granite. Monazite is very 
rarely found in syenites, but it does occur locally in 
syenite pegmatites and carbonatites. It is not known 
to occur in la~as, and it has not been observed in plu
tonic mafic rocks or their metamorphic equivalents. 

Erosion of its host rocks releases monazite for trans
port., during which it tends to settle and farm placers 
along streams, lakes, and ocean be.aches. Fossil placers 
are preserved in 1 ithified sediments of many ages, and 
accessory detrital monazite has been found in sedimen
tary rocks of all ages from Precambrian to Recent. 
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RELATION OF MONAZITE TO GRADE OF 
METAMORPmSM 

The opinion has long been current that particles of 
monazite in paraschists and paragneiSs.es are remnants 
of detrital grains. If this were true, the abundance of 
monazite in the paraschists and paragneisses would be 
controlled by its abundance in the sediments from which 
the metamorphic rocks were derived, and there would 
be no relation between the abundance of monazite and 
the metamorphic facies of the host. The many hun
dreds of references in the literature to the sources of 
monazite show, however, that such a relation is clearly 
marked in metamorphosed pelitic rocks. Accessory 
monazite is exceedingly rare in the greenschist facies, 
rare to sparse in the epidote-amphibolite facies, sparse 
to common in the amphibolite facies, and common to 
abundant in the granulite facies. 

I interpret this distribution of monazite among the 
facies as follows: Detrital· monazite in pelitic sedi
ments is unstable, so that at the onset of regional meta
morphism it breaks down and shares its components 
with other minerals; detrital monazite as such disap
pears, and for a while not much of It is recrystallized. 
'!'his accounts for its great rarity in the greenschist 
facies and sparseness in the epidote-amphibolite facies. 
As the grade of metamorphism increases, an environ
ment is reached at which monazite is again stable, and 
metamorphic monazite begins to form at a few centers 
of crystallization, which multiply with increasing 
grade of metamorphism.. The paragneisses, formed at 
very high metamorphic grades, contain more monazite, 
on the average, than their sedimentary counterparts, 
for more monazite in them has crystallized than was 
contained in the detrital grains of the original sedi
ment. The components of this added monazite appar
ently come from trace amounts of thorium, the rare 
earths, and phosphorus in some of the other original 
detrital constituents of the sediment. One of the 
results of increasing metamorphism of pelite is thus the 
previously· unrecognized generation of metamorphic 
monazite. 

GEOLOGIC RELATIONS OF Th02 IN MONAZITE 

The results of 181 analyses of monazite a.re grouped 
in table 27.1 according to geologic environment. They 
show that in metamorphosed pelites the proportion of 
thorium in monazite, despite a wide range and certain 
inconsistencies, increases on the average from 0.5 per
cent Th02 in phyllites of the greenschist fa,cies to as 
much as 10 or 12 percent in rocks of the granulite facies. 

Monazite in metamorphosed limestones and other 
calcareous rocks (Rose, Blade, and Ross, 1958, p. 996) 
is poor in thori urn. 

TABLE 27.1.-Abundance of Th02 in monazite as related to geo
logia environment in Africa, Asia (exclusive of the U.S.S.R.), 
Australia, and South America 

Source of monazite 
ThO~ (in percent) 

Least Greatest Average 

Metamorphosed pelitic sediments: 
Greenschist facies, 2 samples, BraziL_ _ _ _ _ _ _ _ _ _ _ _ _ Oo 00 1. 09 Oo 54 
Amphibolite facies: 

Middle and upper subfacies, 1 sample, New 
Zealand __________ ---_-- _______ -- _____ ---_-- ______ --- _ __ __ __ __ __ _ _ 5o 32 

Upper subfacies, 1 sample, New Zealand ________ ---------- ---------- 5o 47 
Upper subfacies and granulite facies, 6 samples, 

Madagascar, Sierra Leone, and Travancore___ 9o 0 12o 6 100 2 
Granulite facies, 6 samples, Ceylon and India_____ 4o 96 10o 75 80 3 

Metamorphosed calcareous sediments: 
Amphibolite facies, 2 samples, Madagascar and 

BraziL ___ -----_---- __ --- ___ ---------------- __ -- 0 05 1. 05 0 55 
Metamorphosed pelitic sediments associated with 

granitic rocks: 
Greenschist facies(?), 1 sample from diorite in 

slate, Australia ____ -·--- ___________ --- ____________ ----- _ ___ _ _ __ ___ _ _ _ 6o 6 
Amphibolite facies: 

Lower subfacles intruded by pegmatite, 2 sam-
ples from pegmatite, Australia--------~------- 10.7 190 4 15.05 

Lower and middle sub facies intruded by granite, 
7samples,TaiwanandAustralia_____________ 3020 6o79 5.23 

Middle subfacies intruded by granite, 1 sample, 
Ghana ________ ----- _______ -------- ________ ---- __ __ _ _ __ __ ____ __ _ _ __ 6. 5 

Middle subfacies intruded by pegmatite, 8 sam
ples from pegmatite, Japan, Australia, and 
BraziL_-------------------------------------- 4. 0 80 0 5. 2 

Middle and upper subfacles intruded by gran-
ite, 18 samples, BraziL_---------------------- 5. 0 11.5 5. 8 

Upper subfacies intruded by granite, 24 sam-
ples, Nigeria, Korea, Australia, and Brazil___ 2. 3 10.0 6. 3 

Upper subfacies intruded by pegmatite, 17 
samples from pegmatite, Madagascar, Union 
of South Africa, Japan, India, Bolivia, and 
BraziL ___ ------------------------------------ 1. 5 20. 2 70 9 

Granulite facies: 
Upper amphibolite subfacles to granulite facies 

intruded by granite, 18 samples, India________ 6. 57 9. 24 80 41 
. Upper amphibolite subfacies to granulite facies 

·· intruded by pegmatite, 1 sample from pegma-
tite, India __ ---------------------------------- ---------- ---------- 31.50 

Granulite facies intruded by pegmatite, 11 
samples from pegmatite, Madagascar, Ceylon, 
and India _____ -------------------------------- 6. 00 28. 20 100 72 

Granites and pegmatites: 
Unclassified granite, 5 samples, Burma, Korea, 

and BraziL------------------------------------ 1. 99 9. 49 7. 14 
Cassiterite-bearing granites, 31 samples, Indo-

nesia, Malaya, and Australia_------------------ . 00 9. 41 30 46 

c~~i;g~f~~'i:~~ghail~~~~~~:t_e_s~ ___ ? ___ ~~-~~1:_s~- 30 80 5. 93 5.'01 
Carbonatites 5 samples, Kenya, Northern Rho-

desia, and Nyasaland_____________________________ 0 00 <1. 0 <1. 0 
Veins: 

Low-temperature, 6 samples, Belgian Congo, 
Union of South Africa, Australia, and Bolivia__ 0 00 2. 50 . 74 

High-temperature(?), 1 sample, Union of South 
Africa __ ---------------------------------------- ---------- ---------- 8. 01 

The abundance of thorium in monazite from igneous 
and hydrothermal rocks is also evidently subject to 
geologic controls. Monazite is less abundant and poorer 
in thorium in granites that crystallized at shallow 
depths than it is in plutonic granites. Monazite from 
cassiterite granites intruded into sandstone, shale, 
phyllite, and limestone is devoid of thorium, but mona
zite from gneissic cassiterite granites intruded into 
rocks of the amphibolite facies contains as much as 9 
percent of Th02• Monazite found in low-temperature 
veins, in vugs where it forms open growths, and in car
bonatites contains little or no thorium, whereas mona
zite from high-temperature veins is thorium-rich. 

The abundance of thorium in monazite appears to be 
partly determined by pressure and temperature of 
crystallization, but the chemical composition of the 
enclosing rock is also involved. 
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Estimates of the intrinsic ages of monazite from 
plutonic rocks should recognize that even such mona-. 
zite may be of metamorphic origin. 

REFERENCE 

Rose, H. J., Jr., Blade, L. V., and Ross, Malcolm, 1958, Earthy 
monazite at Magnet Cove, Arkansas: Am. Mineralogist, v. 
43,nos.9-10,p.995-997. 

GEOLOGY OF LIGHT METALS AND INDUSTRIAL MINERALS 

28. CONCENTRATIONS OF "ILMENITE" IN THE MIOCENE AND POST-MIOCENE FORMATIONS NEAR TRENTON, 
NEW JERSEY 

By JAl\:IES P. OwENS, JAl\:IES P. MrNARD, PoNALD R. 'VrESNET, Washington, ]~.C., and FRANK J. MARKEwrcz, 
N~w Jersey Geological Survey, Trenton, N.~. 

An intensive search for ec·onomic concentrations. of 
"ilmenite" t, followed the initial discovery of large low
grade deposits in the New Jersey coastal plain. The 
most difficult problem to solve in this search has been the 
relation of these deposits to the known "ilmenite"-bear
ing formations which include the Kirkwood formation 
of middle Miocene age, the Cohansey sand of the late · 
Miocene(~) or Pliocene(~) age and the deposits (prin
cipally the Cape May formation) of Quarternary age. 
It was concluded from detailed mapping in the ~rowns 
Mills quadrangle and an analysis of the data ·supplied 
by the New Jersey State Bureau of Geology and Topo
graphy, that the highest concentrations occur In the 
IGrkwood and Cape May formations. 

KIRKWOOD FORMATION 

Moderate concentrations of fine-grained (mostly -60 
to 200 mesh) heavy minerals were found in the Kirk-

·.. wood formation (fig. 28.1 and table 28.1). This forma
tion is primarily a massive-bedded marine quartz sand 
consisting of a lower dark-colored clayey sand and an 
upper light-colored sand (probably an eluviated bed). 
The heavy mineral concentrations apparently have the 
same distribution in both units (table 28.1). · · 

"Ilmenite," generally fine to very fine grained and 
platy, constitutes between 60 and 80 percent of the heavy 
mineral fraction. Most of the grains have a black 
metallic appearance although a small percentage have 
an overall brown cast. 

CAPE MAY FORMATION 

The Cape May formation, a fluvial deposit in this 
region, is characterized. by high concentrations of 

1 "Itlmentte" in these formations has been shown by X-ray analyses . 
to be a mixture of tlmenite an·d ferric and titanium oxides. It has 
fixed chemical composition as shown by the analyses cited by Markewicz, 
Pnrrlllo, and Johnson (1958, p. 8). 

557753 0-60-~5 

TABLE 28.1.-Selected heavy-mineral ana'lyses from the New 
. Jersey coastal plain, Ocea"!- and Bu_rlington Co1,tnties 

· Quadrangle . 
Heavy 

Field No. Depth of mineral Formation 
boring content 

(percent) 

Feet In. 
--------------------------
Cassville ____ 259 9 14:-4 Not recorded. 

236 6 3. 9 Do. 
235 7 1.8 Do. 
237 15 2. 3 Do. 
66 5 6. 2 Do. 
7 5~~ 8. 9 Do. 
18 3 .5 2. 4 Do. 
33 11 4 1.6 Do. 
38 7 2 '2. 4 'Do. 
220 8 2. 1 Do. 
48 15 1. 0 Do. 
198 8 3. 5 Do. 

New Egypt__ Ne 96 .... _______ 3. 89 Kirkwood (light). 
Do. -------- 1. 13 Cohansey. 

.Ne 97 5-10 0. 93 Do. 
Do. 10-15 0. 78 Do. 
Do. 15-20 1. 63 Do. 

Ne·1Q3 5 2. 87 Kirkwood (light). 
Ne 107 -------- 1. 54 Cohansey. 
Ne 108 -------- 1. 06 Do. 
Ne 113 -------- 3. 22 Kirkwood (light). 
Ne 115 -------- 2. 43 Do. 

Do .. -------- 1. 49 Cohansey. 
Browns Bm6 . 8-13 3. 91 Kirkwood (light). 

Mills. 
Bm9 22-24 1. 80 Kirkwood (dark). 

Bm 15 16-18 6. 58 Do. 
Do. 26-28 2. 15 Do. 

Bm 16 8-1.2 7.04 Cape May. 
Do. 12-18 5. 46 Do. 
Do. 18-28 . 88 Cohansey. .-
Do. 28-33 . 43 Do . 

· Bm 41 38· 1. 00 Cape May. 
Bm 40 0-18 11. 14 Do. 

.. no. ·18-38 1. 90 Cohansey. 
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TABLE 28.1.-Selected heavy-mineral analyses from the New 
Jersey coastal plain, Ocean and Burlington· Counties-Cont. 

heavy minerals (table 28.1) in small discontinuous de
posits. 

Heavy 
Quadrangle Field No. Depth of mineral 

boring content 
--- (percent) 

Feet ln. 
------------------

Browns Bm 42 0-38 3. 00 
Mills-Cont. 

Bm 48 0-28 4. 60 

Bm 29 7-18 1. 35 
Lakehurst_-.- 152 -------- 4. 1 

154 -------- 7. 4 
160 -------- 3. 0 
88 -------- 5. 9 
84 -------- 4. 8 
86 -------- 4. 6 

132a -------- 2. 2 
168 -------- 4. 0 
172 -------- 2. 9 

N 

0 2 4 6 

74°45' 

Formation 

-----------
Cape May and Co-

hansey. 
Cape May and Co-

hansey. 
Cohansey. 

~{ost of the heavy minerals in these deposits are 
probably reconcentrations from the Cohansey sand. 
The heavy mineral suites are very similar mineral
ogically to those of both the Kirkwood and Cohansey 
formations but the grain-size distribution closely re
sembles the deposits in the Cohansey. A study of a 
small closed basin in the Browns Mills quadrangle, 
which is unqerlain only by the Kirkwood and Cohansey 
sediments, showed the high "ilmenite" concentrations 
in the Cape May formation to be of the Cohansey 
type. 

COHANSEY SAND 

The. Cohansey sand is generally coarser grained· than 
the underlying J{irkwood formation. It has essential
ly the same heavy mineral suite as the IGrkwood, al
though. the. minerals are commonly of medium sand 
s1ze ( -16 to 60 mesh primarily), and the concentra-

74°30' 74°15' 
40° 15'r=-=-----------'-r--------~~-----------,4o0 15' 

8 MILES 
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0 168 

0 112 

152 
0 154 

' 

1320 

•Lakehurst 

Farmingdalee 

~ ----.... -, I u ,; 
LAKEWOOD 

4oooo•t-------,-----tt----.::::..,....+----\-l---------2-37-=-o~2~57~-----'.c...:...-_..u.:a:..:..s ___ -:-:-:!-:--::-:--------____J4000o' 
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EXPLANATION 
X 

Auger hole in Cape May formation 
+ 

Auger hole in Cohansey sand 

* Auger hole in Kirkwood formation 
0 

Auger hole in unidentified formation 
Tkw 
Tch 

Contact 
Tkw, Kirkwood formation 

Tch, Cohansey sand 

FIGURE 28.1:-Location of auger holes listed in table 28.1. 

.,.· 
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tions are leaner. A high incidence of brown (altered~) 
grains was noted among the "ilmenite" fractions. 

Local concentrations of heavy minerals occur in this 
unit bt~t are for the most part too sniall to be economi
cally important. 

SUMMARY 

It seems from the data. presented that two potentially 
economic sources of "ilmenite" occur near Trenton, 
N.J. These are: 
1. The Kirkwood formation, which generally contains 

only 1 to 2 percent "ilmenite." The total available 
tonnage of "ilmenite" however is large because of 
the great volume of the deposit. The fine to very 
fine grained character of the "ilmenite" might be 
a problem in recovery operations. 

2. The Cape May formation, which contains small de
posits of relatively high-grade ore. These deposits 
are difficult to find, however, because of their fluvial 
origin. From a study of this formation, it appears 
that the heavy minerals tend to accumulate in nar-

. row valleys into which the Cohansey sediments are 
carried. The best concentrations apparently occur 
where the "ilmenite" in the .Cohansey sand was 
above average (about 1 percent). 
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29. BLOATING CLAY IN MIOCENE STRATA OF MARYLAND, NEW JERSEY, AND VIRGINIA 

By ~1Axwl~LL ~1. 1\:NECIITE'L and JOHN '"· HosTERl\IAN, 'V ashington, D.C., and Beltsville, Md. 

Work done in cooperOitnon with Maryland nipartment of Geology, Mines and Water ResCYUrces and U.S. Bureau of Mines 

The problem of locating supplies of expandable raw 
material for manufacture of lightweight aggregate has 
received attentioi1 in the course of a reconnaissance 
study of clay deposits in Maryland that the Geological 
Survey has been conducting since 1957. This paper 
includes information from an interim report (Knechtel, 
I-Iosterman, and Hamlin, 1959) on promising deposits 
of bloating clay in southern Mary land, and announces 
discoveries of such material, heretofore unreported, at 
two places in Virginia (fig. 29.1). · 

Samples were tested for bloating at the Electrotech-
. nical Experiment Station, U.S. Bureau of ~1ines, Nor
ris, Tenn. The tests, performed by Howard P. Ham
lin, Supervising Ceramic Engineer, assisted by George 
Templin, involved drying, crushing, screening, and 
firing for 15 minutes at 1900°, 2000°, 2100°, 2200°, and 
2300°F in a small electrically heated kiln, and also 
determination of unit weight, water absorption, and 
color of any fired products that showed sufficient ex
pansion to warrant investigation of their suitability for 
use as lightweight aggregate. 

The clue that led to the discoveries in Maryland and 
Virginia was a reported occurrence of expandable clay 
in strata of Miocene age in Salem County, N.J. (Lod
ding, 1956, p. 115). As this suggested that similar 

material might ~. present in sedimentary formations 
of that age elsewhere on the Atlantic Coastal Plain, we 
collected representative samples of argillaceous ma
terial in Maryland from the Calvert Cliffs, which ex
tend along the Chesapeake Bay shore between Annap
olis and the mouth of the. Patuxent River. Samples 
from the Chopta.nk formation and the underlying Cal
vert formation failed to bloat, but a sample of olive
gray silty clay obtained near Cove Point from the St. 
Marys formation, which rests on the Choptank, bloated 
satisfactorily. Additional samples of expandable clay 
were taken from outcrops in Calvert and St. Marys 
Counties, from holes bored with a truck-mounted 5-inch 
auger in St. Marys County, and from outcrops at two 
places in Virginia (fig. 29.1). 

As the surface of southern ~1ary land is relatively 
hilly, sites at which open-pit mining would be. feasible 
are here more numerous than in areas of lower relief 
more typical of the Atlantic Coastal Plain. Raw or 
finished material could possibly be shipped by low-cost 
water transport :from ~orne sites to markets in Wash
ington, Baltimore, and Norfolk, and perhaps even to 
ports at greater distances. 

There are many sites deserving consideration as po
tential sources of raw material for lightweight aggre-
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N N s y L v A N A 
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EXPLANATION 

• 
Expandable-clay locality 

30 40 MILES 
~----~----~------~----~----~ 

10 0 10 20 30 40 50 KILOMETERS 

FIGURE 29.1:--Map showing localities in Maryland, New Jersey, and Virginia at which expandable clay is known to occur in strata 
of Miocene age. 
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gate where the St. Marys formation crops out in the 
Calvert Cliffs. The clay exposed here occurs in a layer 
that is generally more than 20 feet thick. Its thickness 
and its capacity for expansion vary, however, from 
place to place, and the clay is overlain by thick deposits 
of silt, sand, and gravel. 

Samples of expandable materials have also been ob
tained from an exposure of theSt. Marys formation in 
the N omini Cliffs, along the south shore of the Potomac 
River two miles northeast of Stratford Hall, West
moreland County, V a., and from the next younger unit, 
the Yorktown formation (Miocene), in cliffs on the 
west shore of the James River 1,000 feet south of Fer
gussons Wharf, Isle of Wight County, V a. According 
to Lodding (oral communication, 1958) the above-noted 
expandable clay from New Jersey came from an ex
posure of the Kirkwood formation (Miocene) in a 
brickyard west of the Alloway-Woodstown road, 1.3 
miles south-southwest of Fenwick Salem County. 

Some of the bloated mate.rials formed at tempera
tures between 2000° and 2200° F are comparable in 
lightness and low .water-absorption capacity to many of 
the best commercial aggregates produced in the United 
States. Unit-weight and water-absorption data for 
two clays from the St. Marys formation of Maryland 
are compared on figure 29.2 with two commercial ma
terials from other parts of the country. Mary land 
material 1 io olive-gray silty clay from the bottom of 
an auger hole 100 feet deep near the west side of State 
Highway 5, southwest of its junction with Villa Road, 
in St. Marys County. Mary land material 2 represents 
olive-gray clayey silt approximately 20 feet thick ex
posed in the Calvert Cliffs, 5 miles northwest of Cove 
Point; the base of this material is about 23 feet above 
high tide. 

Small concrete cubes of bloated material for~ed in 
firing one of the Maryland samples at 2100° F were 
prepared for tests of unit weight and compression 
strength. The unit weight, 86.3 pounds per cubic foot, 
proved to be less than that of much concrete made from 
domestic lightweight aggregates; the compression 

strength, 3,500 pounds per square inch, surpassed the 
requirements of most specifications for lightweight 
concrete. The 48-hour water-absorption capacity, 21.3 
percent, is .higher than that of most such concrete, but 
this percentage would probably ·have been lower if the 
aggregate had been fired in a rotary kiln. 

The clay-minerals in the expandable material are 
montmorillonite, "illite", and subordinate amounts of 
kaolinite. These are intermixed with abundant silt
and sand-sized grains of quartz, and with smaller 
quantities· of ,muscovite and of many kinds of heavy 
minerals. The clay mineralogy of the expandable 
material is similar to that of many sampled materials 
that gave negative results when tested for expansion. 
It is hoped that further laboratory study will result 
in satisfactory explanations for the differences in firing 
behavior among the materials tested. More testing is 
needed to determine how sampled raw materials that 
bloated satisfactorily in the small electric kiln will be
have at comparable temperatures in large rotary kilns. 
If such testing confirms the results at hand, and if 
removal of the heavy overburden that is nearly every
where present would not be too costly, the resources 
of expandable clay available for mining in southern 
Maryland should be adequate, both in quantity and 
quality, to satisfy much of the demand for lightweight 
aggregate here and in adjacent populous areas. 

The proven occurrence of bloating clay of Miocene 
age at localities .as much as 200 miles apart (fig. 29.1) ,. 
and the known presence of formations of that age in 
all the States bordering the eastern seacoast from New 
Jersey southward, suggest the existence of vast poten
tial resources. The increasing market for expanded 
aggregate in the east coast region warrants compre
hensive studies of their distribution and possible 
commercial value. 
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30. SIGNIFICANCE OF UNUSUAL MINERAL OCCURRENCE AT HICKS DOME, HARDIN COUNTY, ILLINOIS 

By RoBERT D. TRAcE, Beltsville, Md. 

Hicks Dome in the northern part of the Illinois
l{entucky fluorspar-zinc-lead district is a tectonic fea
ture affecting rocks of Devonian, l\1ississi ppian, and 
Pennsylvanian age. It covers about 100 square miles 
centered in the western half of Hardin County, Ill. 
The core of the dome, where the rocks dip 10-15 de
grees, includes nearly 2 square miles of limestone, 
chert, and black shale of Devonian age in which there 
are a few tabular and possibly oval-shaped pipelike 
masses of breccia, some radioactive areas, and an 
altered mafic dike (Bradbury and others, 1955, p. 1-3). 

Hicks Dome has been described by Brown and 
others (1954, p. 895-897) as an incipient cryptovol
canic structure. This interpretation is in part based 
upon data from a 2,944-foot test well in the approxi
mate center of the dome. Most of the sedimentary 
rocks in the lower half of the hole are brecciated, but 
the lateral extent and shape of the brecciated mass are 
not known. According to Brown and others ( 1954~ 
p. 897-902), the breccia contains thorium, fluorite, 
barite, calcite, quartz, pyrite, sphalerite, and galena. 
The thorium and fluorite seem to be closely associated. 

No igneous or metamorphic rocks have been identi
fied in the breccia from the center of the dome, al
though plugs of explosion breccia containing igneous 
and metamorphosed rocks are known about 7 miles to 
the northeast and 1.5 and 7 miles to· the south (Clegg 
and Bradbury, 1956, p. 17). The depth to Precambrian 
rocks at the center of the dome is at least 7,500 feet as 
shown by data from the M. D. Davis No. 1 test well 
near Tolu, l{y. (unpublished data, 1956, Shell Oil 
Company Information Release, mimeographed), about 
11 miles to the southeast of the dome. 

One of the surface radioactive localities (Bradbury 
and others, 1955, fig. 1, sample 72) was explored in 
1955-56 (under a Defense Minerals Exploration Ad
ministration contract) by shallow diamond drilling 
and trenching in cherty resid'..lum overlying Devonian 
limestone. The exploration showed two areas of brec
cia, but most of the radioactivity is concentrated in 
one-a tabular mass about 10 feet wide that extends 
N. 24° W. for at least 260 feet, is over 100 feet deep, 
and dips 85° NE. The highest radioactivity (about 
0.1 percent eU) occurs in the central 1 to 2 feet of this 
tabular body. 

A surface sample of the most radioactive material 
was found by semiquantitative spectrographic analysis 
to contain a high concentration of rare earths and 
thorium (table 30.1). The radioactive mineral in the 
sample was isolated and identified tentatively as mona
zite. Florencite, a cerium-aluminum phosphate, wa$ 
found in association with the monazite. 

The monazite is in small, soft, earthy, round to sub
round, brownish-yellow grains about 0.1 to 0.2 mm in 
diameter. Preliminary X-ray diffraction study shows 
that the mineral has monazite structure, but its cell size 
appears to be slightly .smaller than that of monazite 
from other localities. Spectrographic analysis of the 
hand-picked material shows it to be a thorium-bearing 
rare-earth phosphate (table 30.1) that differs slightly 
in composition from most other monazite in that it is 
relatively rich in yttrium and lean in total rare earths. 
The abundance of yttrium may account for the smri11 
cell size. The relatively 1ow content of cerium and 
lanthanum and abundance of yttrium suggest that the 
monazite is relatively unfractionated, or primitive, as 
described by Murata and others (1953, p. 296-297; 1957, 
p. 148-150). 

Florencite is in small, soft, earthy, round to sub
round, pale-orange grains about 0.3 to 0.4 mm across. · 
The florencite was identified from X-ray diffraction 
traces, and confirmed as a cerium-bearing mineral by 
X:-ray fluorescence study (analyst: Richard Larson, 
1959). 

The narrow surface zone of radioactivity that was 
sampled is about 200 feet west of the deep test well 
and dips 85° NE. toward the well. Semiquantitative 
spectrographic analysis of 8 samples (tables 30.1 and 
30.2) obtained by J. ,¥. Hill of the U.S. Geological 
Survey from the test well and described by Brown and 
others (1954, p. 899), disclose above-normal quantities 
of thorium, the ra.re earths, niobium, zirconium, and 
beryllium. According to Warner and others (1959, p. 
25-28), the BeO content of sedimentary rocks may be 
as much as 0.004 percent, although generally it is less 
than 0.001 percent. In the test well, the Be content is 
as high as 0.06 percent (table 30.2). In general, the 
greater the radioactivity, the more the Be, rare earths, 
Nb, and Zr. 

The mineralogic and chemical data presented here 
provide new evidence for the existence of deep-seated 
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TABLE 30.1.-Analyses of samples from Hicks Dome, Hardin County, Illinois 

Chemical and semiquantitative spectrographic analysis (weight percent) of surface sample RDT-6 1 

Width 0.089-0.099 0.008 N.D. >10 5-10 1-5 0.5-1 0.1-{)~5 0.05-0.1 0.01-0.05 0.005-0.01 0.00~-0.005 O.OQ05-0.001 0.0001-0005 
(inches) 

---------
16 eU u CaF2 Si Fe AI Ce, La, K, V, Ba, Ti, Sr, Pb, B, V, Er, Cu, Gd, Yb, 

Sm, Dy, 
Eu, Sn, Ga, Be, Mo Ag 

p Nd, Ca, Pr, Mn Nb, Tb, Co, Lu, 
Na, Zn Ni, Zr Or, Sc Mg,Th 

Quantitative spectrographic analysis (weight percent) of monazite hand picked from sample RDT-6 2 

Ce20a La20a Nd20a Sm20a Gd20a Pr20a Dy20~ Y20a Th02 P205 Si02 AhOa · MgO CaO Fe20a Ti02 Total 
------------------------------------------------

16 11 6 2 1.5 2. 5 1.5 4.2 4. 4 29 4. 4 2. 2 0.2 3.8 6. 6 2. 7 9 8 

Semiquantitative spectrographic analysis (weight percent) of test-well samples a 

Sample Depth XX. X.+ X. x.- O.X+ o.x o.x- o.ox+ o.ox o.ox- o.oox+ o.oox o.oox- O.OOOX+ Tr 
no. (feet) 

-------------------
1 1725-1750 Ca Si Mg Al, Fe K, Ba Ti T~aY, Mn, Sr Pb, La, Dy, Yb 

Zn Sc, V 
Or, Cu Bi,Ni ----------- Ga 

------------ --------
2 1785-1815 Ca Si Mg AI, Fe K Ti Th, Y, 

Na 
Mn, Sr P~n 

Ba 

La, Dy, 
Sc, V 

Yb Or, Cu Bi,Ni ----------- Ga 

---------------------
3 1975-2000 Ca Mg Si --------- AI, Fe, K Na Mn Ti Sr Pb, V ----------- Sc Or, Cu, 

Ba y Ni, Yb 
------------ -----

4 2150-2175 Ca Si, Mg --------- --------- AI, Fe Ti Y,Ba Th, Na, 
Mn 

Sr Dy, V Yb Pb, Sc Or, Cu Ni Bi, La 

-------------- ------------
5 237~2400 Ca Si Fe, 

Mg 
Al,K --------- Ti Mn,Na Ce, Th, 

Y, Ba, 
La DVNd Sc Or, Cu 

Yb 
Co, Ni ----------- Pb 

Sr ------------ ----
6 2425-2450 Ca Si, Mg AI, Fe, --------- Ti Mn, ----------- c~r~a, La N~ Se, Or Nt,Pb, Co, Cu ........................... Dy, Ga, 

K ~a ,Y Yb Th 

---------------------
7 2450-2475 Ca Si, Mg --------- Fe Al,K Ti Ba, Na, ----------- Sr La,Pb v, y Or, Cu, Ni, Yb Co C'aDy, 

Mn Sc a, Th 
---------- -----

8 2900-2925 Ca Mg --------- --------- Fe, K AlBa ----------- Mn,Na Ti Pb, Sr y Cu, V Or, Ni, Yb 
Sc 

1 Analysts, Katherine E. Valentine, C. Johnson, and G. Daniels. Sample RDT-6 analyzed for D. M. E. A. oontract. 
2 Analyst, Harry J. Rose, Jr., 1960. Analysis on 15 mg. Sample diluted in graphite. 
a Analyst,. G. W. Beyes, Jr., 1953. Be, Nb, and Zr not shown, see later analysis in table 30.2. 

igneous activity in the region of the Illinois-Kentucky 
fluorspar-zinc-lead district, but by themselves may 
neither confirm nor deny the existence of a connection 
between the igneous activity and the mineralization of 
the district. 

TABLE 30.2.-Analysis of samples from Hicks Dome, Hardin 
0 ounty, Illinois 

[Chemical and semiquantitative spectrographic analysis (weight percent) of 
additional constituents in test well samples 1) 

Sample Depth eU u Be Nb Zr 
(feet) 

,}_ _______ 1725-1750 0.029 0. 001 6. 4 0.06 0.15 0.03 2 ________ 1785-1815 .024 .001 9. 6 .06 .15 .03 
3 .. ----~- 1975-2000 . 001 1.3 . 007 .03 .005 4 ________ 2150-2175 .016 .001 7. 9 .06 .08 .02 
5-------- 2370-2400 .011 .001 10.8 .01 .10 .01 6 ________ 2425-2450 .008 . 001 6. 6 .006 .10 .02 7 ________ 2450-2475 .004 4.6 .003 .03 .01 
8-------- 2900-2925 .001 2.8 .005 .01 .006 

1 Analysts, Pauline J. Dunton, Ferman W. Montjoy, and P. Stuch. 
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31. PHOSPHATE AND ASSOCIATED RESOURCES IN PERMIAN ROCKS OF SOUTHWESTERN MONTANA 

By RoGERW. SwANSON, Spokane, Wash. 

Work done in cooperation with the U.S. Bureau of Reclamation and the U.S. Atomic Energy Oommi88ion 

The phosphate rock in southwestern Montana occurs 
in two phosphatic shale members of the Permian Phos
phoria formation (Mcl{elvey and others, 1959). The 
lower, or Meade Peak, phosphatic shale member is 
mostly less than 15 feet thick; it tongues out to the 
north and east and has not been recognized in the Mel
rose and Madison Range districts (fig. 31.1). The 
upper, or Retort, phosphatic shale member ranges up 
to 75 feet in thickness and is much more extensive, 
though it tongues out to the northeast. It contains 
phosphate of minable quality and thickness in all the 
districts shown in figure 31.1. No reserves are com
puted for the Permian rocks in the vicinity of Three 
Forks, because all the phosphorite in them is of poor 
quality or in thin beds. 

Several potentially valuable elements occ1,1r in the 
phosphorite, but at present nothing but phosphorus 
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FIGURE 31.1.-Districts in southwestern Montana .for which 
phosphate and uranium reserves in Permian rocks are esti
mated. 

is being recovered from rock mined in Montana. 
Fluorine maintains a fairly constant ratio of 1 percent 
F to 10 percent P 20 5• It 'will soon be recovered from . 
phosphorite mined in Idaho and treated in Utah 
(Anonymous, 1958). Uranium, vanadium, chromium, 
nickel, molybdenum, and nire earths are other elements 
that are notably concentrated in the phosphorite, but 
they generally make up only a few tenths to a few 
thousandths of 1 percent of the rock. Vanadium has 
been recovered from acid-grade phosphorite mined at 
Conda, Idaho ( Caro, 1949). The ferrophosphorus 
produced in the electric furnace contains 1 to several 
percent of vanadium, chromium, and nickel (Banning 
and Rasmussen, 1951). Oil shale is also present in 
the Retort member over much of southwestern 
Montana. 

Most of the phosphorite co:.;ning from the western 
field is mined by surface methods, and most of the rock 
mined underground is above entry ·level. Reserve esti
mates of phosphorite are presented in table 31.1 for 
rock above entry level, rock within 100 feet vertically 
below that level, and total reserves in the block regard
less of depth. Reserves of rock that can be mined by 
surface methods have not been computed separately. 
Estimates are also presented for grade cutoffs of 31 and 
24 percent P 206 (acid and furnace grades respectively) 
and for 18 percent rock that might be utilized after 
beneficiation or by blending. 

The two phosphatic shale members contain more 
than 10 billion tons of P 20 5, 80 percent of which is 
in the Retort member. More than 6 billion tons of 
rock, almost equally divided between the two members, 
occurs in beds at .least 3. feet thick that contain 24 per
cent or mor~ of P 205, but only about 370 million tons 
is above entry level or within 100 feet below it; 450 
million tons, mostly in the Retort member, occurs in 
beds at least 3 feet thick that contain more than 31 
percent P 205, and 50 million tons of this is above entry 
level or not more than 100 feet below it. 

Uranium is present in all the phosphorite, though in 
small amounts. Reserve estimates (table 31.2) indi
cate that there is more than 400,000 tons of uranium in 
rock containing 24 percent or more P 205, and that 
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nearly 25,000 tons of this is in rock that lies above entry 
level or not more than 100 feet below it. The acid
grade phosphorite is estimated to contain 35,000 tons 
of uranium, 20 percent of it above entry level or not 
more than 100 feet lower. 

Most of the phosphorite likely to be mined within 
the next few decades lies within those limits. Most of 
the rock ·at lower levels need not be considered at pres
ent in extr~ction programs and short-term resource ap
praisals, though some of it is likely to be minable in 
the future. 
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TABLE 31.1.-Phosphate reserves in Permian rocks of southwestern Montana, in millions of short tons 

Basic data Reserve of rock containing more 
than 31 percent P205 

Reserve of rock containing more 
than 24 percent P20s 1 

Reserve of rock containing more 
than 18 percent P205 I 

Aver- Ton- Ton- Ton-
nage in Total Grade Ton- nage in Total Grade Ton-

first tons Thick- (per- nage 
nage In Total 
.first tons 

Reserve block 

Aver
age 

mem
ber 

thick
ness 

(feet) 

age 
grade 
(per
cent 

P205) 

Total Grade Ton
tons Thick- (per- nage 
P20s ness cent . above 

first tons Thick- (per- nage 
100 feet of rock ness cent above 100 feet of rock ness cent above 100 feet. of rock 

in (feet) P205) entry 
block level 

below i!l (feet) P20s) entry 
entry block level 
level 

below in (feet) P20;) entry 
entry block level 
level 

below in 
entry block 
level 

-----------1------------------------------------.---------
Retort phosphatic shale 

member (Phosphoria for
mation): 

Melrose district_ __________ _ 
Dillon district._ ___________ _ 
Lima district_ _____________ _ 
Ruby Valley Syncline dis-trict. ____________________ _ 
Centennial Mountains dis-. 

ttict. ... --- ______________ _, 
Madison Range distdct. __ _ 

23.3 
52.6 
76.7 

49.6 

6.0 
10.6 

16.2 
10.6 
9.0 

8. 4 

16.0 
9. 8 

900 
2,000 

900 

4,000 

60 
650 

3. 4 31.0 .8 6 300 7. 2 25.5 
3. 3 27.6 

3. 2 29.0 

3. 2 25.7 

100 
25 

3 

20 

25 1,000 
8 450 

150 

3 1,000 

12.4 
12.4 
6.0 

5. 6 

4.0 
4.0 

21.7 
19.6 
21.0 

19.9 

20.0 
20.3 

250 
150 
50 

150 

55 
100 

50 
50 
15 

30 

5 
30 

2, 500 
4,000 

650 

5, 500 

250 
2, 500 

-----------------------------------------------
Totals and averages ___ _ 

Meade Peak phosphatic 
shale member (Phos-

47.1 9. 9 8, 510 3. 4 31.0 8 300 4.8 26.1 148 37 2, 600 8. 2 20.2 755 180 . 15, 400 -

phoria formation): · 
Dillon district__ ____________ · 
Lima district_ _____________ _ 
Ruby Valley Syncline dis-trict _____________________ _ 
Centennial Mountains dis-trict_ ____________________ _ 

4.3 
24.3 

9. 5 

13.7 

10.0 
10.9 

16.4 

19.4 

15 
400 

1, 500 

100 

Totals and averages____ 12.6 15.4 2, 015 

1 Includes tonnages in columns to left. 

3. 5 32.9 35 

3. 5 32.9 35 

4 150 

4 150 

3.0 
3. 2 

4. 7 

5. 5 

25.0 
27.4 

26.6 

28.0 

4. 6 26.8 

1 
20 

75 

55 

151 

1 
6 

5 
250 

20 3,000 

250 

32 3, 505 

3. 5 
6. 5 

5. 9 

8. 5 

22.0 
21.5 

19. 6. 

23.2 

6. 1 20.0 

TABLE 31.2.-Uranium reserves in Permian phosphorite of sottthwestern .llfontana, in short tons 

1 
50 

100 

80 

231 

1 
15 

30 

8 

6 
850 

6,000 

400 

49 7, 256 

Uranium reserves in phosphorite 
containing > 31 percent P 206 

Uranium reserves in phosphorite 
containing > 24 percent P 206 1 

Uranium reserves in phosphorite 
containing > 18 percent P206 I 

Total Grade Grade Tonnage Tonnage in Total Grade Tonnage Tonnage in 
(percent above first 100 tonnage (percent above first 100 

Tonnage Tonnage in 
tonnage (percent 
in block uranium) 

above first 100 
uranium) entry feet below in block uranium) entry feet below entry feet below 

level entry level level entry level level entry level 

Retort phosphatic shale member 
(Phosphoria formation): . 

Melrose district.____________________ 0. 005 350 250 15,000 0. 0049 5, 500 1, 000 55,000 

rl!!t~nd1~~:r~~~~~~==================== ========== ========== ============ ========== ----~~~~~- ----~~~~- --------~~~- ---=~~~~-Ruby Valley Syncline district_ ______ ---------- ---------- ------------ ---------- . 0080 250 40 10,000 
Centennial Mountains district_ _____ ------------------------------------------------------------------------------------
Madison Range district_ ____________ ---------- ---------- ------------ ---------- . 0073 1, 500 200 80,000 

Totals and averages_____________ 0. 005. 350 250 15,000 
Meade Peak phosphatic shale member 

(Phosphoria formation): 

o. 0062 8, 750 1, 590 170,000 

0. 0049 
.0051 
.0043 
.0066 
.005 
.0058 

0. 0058 

15,000 
7, 500 
1, 500 
9,000 
2, 500 
6,000 

41, 500 

Dillon district. ______________________ -----~---- ---------- ------------ ---------- .007 
.0087 
. 0061 
.010 

70 35 350 . 006 65 
Lima district_ _______________________ ---------- ---------- ------------ ----------
Ruby Valley Syncline district _______ ---------- ---------- ------------ ----------
Centennial Mountains district______ .012 4,000 400 20,000 

1, 500 600 25, 000 . 0086 4, 500 
5, 000 1, 000 200, 000 . 0060 6, 000 
5, 500 500 25, 000 . 009 7, 500 

Totals and averages ____________ _ 0.012 0.0068 4, 000 400 20, 000 12, 070 2, 135 250, 350 0. 0068 18, 065 

2, 500. 
2, 500 

600 
2,000 

250 
2,000 

9,850 

35 
1, 500 
1, 500 

700 

3, 735 

Total 
tonnage 
in block 

100,000 
200,000 
30,000 

350,000 
15,000 

150,000 

845,000 

350 
70,000 

300,000 
35,000 

402,350 
====!======!==== ---====i======i====-= ----====!=====!==== 

Grand totals .• __ ---------------- 0. 0090 4, 350 650 35, 000 0. 0066 20, 820 3, 725 420, 350 0. 0061 59, 565 13, 585 1, 247,350\ 

1 Includes tonnages in columns to left. 

.~ 

\ .... 
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32. HUGO PEGMATITE, KEYSTONE, SOUTH DAKOTA 

By J. J. NORTON, Denver, Colo. 

The llugo pegmatite, near 1\:eystone, South Dakota, 
.is a well exposed intrusive body, about whose crystal
lization history much can be inferred from detailed 
petrographic and structural study. This pegmatite con-

sists of two segments, in large part separated fron1 each 
other by a screen of schist. The larger of these, the 
south segment contains the seven zones and two replace
ment bodies shown in figure 32.1. The north segment 
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FIGURE 32.1.-Geologic section, Hugo pegmatite, Keystone, S. Dak . 
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TABLE 32.1.-Estimated composition of the Hugo pegmatite, Keystone, S.D. 

Albite Mode (percent)! Calculated chemical composition (percent)2 

Segment 
Estimated (includ-

Zone tons of Quartz ing 
rock cleave- Perthite Other a Other 

landite andmi- Mica minerals Si02 Al20a Na20 K20 H20+F cons tit-
crocline uents 

------------------------
North ______ 1 and 2------------------------------------ 45,000 45 35 15 T, 2.5 78.3 13. 1 4. 3 1.6 1.1 1.6 

3b~------- --------------------------------- 175,000 35 25 30 5 T,2 76.3 13.5 4.0 4. 2 .5 1.5 3c. ________________________________________ 
230,000. 55 35 7 83.7 9. 9 4.1 .9 .5 .9 

4.----------------------------------------- 15,000 55 35 5 3 85.3 9.0 4. 2 1.2 .2 .1 

South ______ 1 and 2------------------------------------ 165,000 40 30 20 T, 7 73.5. 15.3 3. 9 2.1 1.5 3. 7 3a _________________________________________ 
200,000 15 10 75 -------- ---------- 69.8 16.9 3. 5 8. 9 .3 .6 

3b ______ - ---------------------------------- 340,000 35 25 30 5 Po, 4 73.8 12.8 3. 9 4.1 . 7 4. 7 3c. ________________________________________ 
160,000 55 35 2 7 83.3 10.0 4. 1 1.0 . 5 1.1 

4.----------------------------------------- 165,000 50 35 8 2 -Amb~3-- 81.3 10.3 4. 2 1.5 .4 2.3 
5.----------------------------------------- 170,000 70 5 10 -------- s, 10 86.6 7. 3 .9 1.6 .4 3. 2 

Amb,4 
6.----------------------------------------- 20,000 65 35 -------- ---------- 87.0 6. 8 .4 5. 2 .1 .5 
7------------------------------------------ 11,000 15 35 25 25 66.4 19.5 4. 4 6. 5 1.7 1.5 
Cleavelandite-microcline-lithia mica re- 19,000 15 40 25 20 67.4 18.9 4. 9 5. 9 1.4 1.5 

placement unit. 
Cleavelandite-quartz-lithia mica replace- 15,000 15 70 10 ' 69.9 17.9 8.1 1.8 .8 1.5 

ment unit. 

Composition of north segment_ __ ----------------- 465,000 47 32 12 7 80.5 11. 5 4. 1 2.2 .5 1.2 
Composition of south segment_ ___________________ 1, 265,000 41 24 24 6 77.0 12.5 3. 5 3. 6 .6 2. 8 
Composition of both segments _____________________ 1, 730,000 43 26 21 6 77.9 12.2 3. 7 3. 2 .6 2. 4 

1 Minerals forming less than 2 percent of a unit, based on visual estimates, are omitted from the modes, but they were used in calculating chemical compos.iti~n. 
2 The modes were not converted from volume percent to weight percent in calculating chemical composition because the change would be too small to be s1gmtlcant. 
aT, tourmaline; Po, iron-manganese phosphates; Amb, amblygonite; and S, spodumene. 

contains oniy the four outer zones. By structural study 
of the pegmatite and estimates of the modes in the many 
available exposures, the approximate size and composi- · 
tion of the units in this pegmatite prior to erosion and 
.mining have been calculated (table 32.1). About 50 
·percent of the north segment and 60 percent of the 
south segment lie between the lowest mine level and the 
Stlrface, and thus are somewhat better known than the 
rest of the pegmatite, which has largely been extracted 
by open-pit mining but also includes material that has 
been removed by erosion or that lies beneath the lowest 
mine levet 

About three-fourths of the rock in this pegmatite is 
in the outer three zones (zones 1 to 3 of table 32.1 and 
figs. 32.1 and 32.2), which consist almost entirely of 
quartz, feldspar, and muscovite. Albite is the pre
dominant feldspar, but perthite is abundant in the 
upper part of 'zone 3. Zones 4 to 6 are highly silicic 
and contain abundant quartz; they also contain cleave
Jandite, microcline, spodumene, and amblygonite. 
·Zone 7, the core of the pegmatite, is of quite different 
composition; it contains quartz, but its most abundant 
constituents are cleavelandite, microcline, and lithia 

. mica. Small replacement units, resembling the core 
in their relatively high content of alumina and alkalies 
and low silica content, extend from the center of the 
pegmatite outward across the zones, and contain unre
placed remnants of the zones. 

Textural relations, both megascopic and microscopic, 
·indicate $0 much overlap in paragenesis of the minerals 
in each zone as to indicate that all the minerals in 

·.any one zone crystallized at virtually the same time. It 
appe·ars~ reasonable to assume that as this pegmatite was 
crystallizing from the contact inward, there was at any 

given stage a fully crystallized outer part and an en
tirely fluid inner part, separated by a moderate thick
ness of material consisting of a crystal meshwork and 
an interstitial fluid. If this was so, one can regard the 
composition of the material inside any zonal contact as 
indicating, roughly, the composition of the fluid at that 
·point in the crystallizing process; we may neglect the 
presumably small quantity of material that escaped to 
the wall rock in hydrothermal or pneumatolytic fluids. 

Since about 94 percent of the material in the Hugo 
pegmatite consists of components of the system 
KA1Sia08-NaA1Si30 8-Si02, .the course of crystalliza
tion can be plotted on the triangular diagram in figure 
32.2, which has these three compounds at its corners. 
The remaining 6 percent of the material includes about 
3 percent alumina in excess of the amount required tQ 
form feldspar, and only very small quantities of other 
constituents. Whatever the effect of these minor con
stituents was, the diagram represents the natural sys
tem closely enough for use in discussing the course of 
crystallization in this pegmatite and for comparison 
with theresults obtained by Tuttle and Bowen (1958) 
in their detailed studies of the pure system. The 
quartz-feldspar field boundary, as shown on this figure, 
is at PH 2o of 4000 kg per cm2, for this is the highest pres
sure at which the boundary was determined in the lab
oratory (Tuttle and Bowen, 1958, fig. 38) and is also 
the lowest pressure at which quartz and the two feld
spars formed together in equilibrium. The diagram 
shows that: (a) the south segment contains more po
tassium and less sodium than the north segment; (b) 
the residual fluid became progressively richer in silica 
during most of the time the pegmatite was forming, 
but became higher in alumina and alkalies and lower 

• 
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Numbered pornts showing compositions are: 
1. Entire body 
2. Units inside zones 1 and 2 
3. Units inside zones 3a and 3b 
4. Units inside zone 3c 
5. Units inside zone 4 
6. Units inside zone 5 · 

The field boundary is from Tuttle and Bo~eri, 1958, fig. 38 

l!"IOUHE 32.2.-Inferred course of crystallization of the two segments of the Hugo pegmatite. 

in silica. nt a late stage; and (c) the compositions at 
which quartz and feldspar crystallized together appear 
to have been nlllch more silicic in the natural system 
(shown by points 1 to :3, fig. 32.2) than in the laboratory 
system (shown by the field boundary in fig. 32.2). 

The south segment is at a higher altitude 'than the 
north segment, and the mechanism by which it obtained 
its high potassium content may be the same that caused 
perthite-rich hoods to form in the uppe.1; ·part of many 
zoned pegmatites. The narrow channel connecting the 
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two segments must have been sealed after the outer 
zones had crystallized, and thus the concentration of 
potassium in the south segment and sodium in the north 
segment must have taken place at a very early stage, 
probably by a· physical mechanism. Potassium may 
have been carried upward through the liquid in a vola
tile phase before crystallization began. 

The most marked feature of the course of crystalliza
tion as indicated in figure 32.2 is progressive enrich
ment in silica. The difference between points 1 to 5 
(fig. 32.2) and the field boundary determined by Tuttle 
and Bowen (1958, fig. 38) suggests that excess of ahi
mina and the minor constituents (such as lithium) in 
the natural system, at the high pressures that pre
sumably prevailed when this pegmatite formed, caused 
the crystallizing fluid to become progressively richer in 
silica. The excess alumina surely affected the course 
of crystallization, because it gave rise to a significant 
amount of muscovite, but an extended discussion of its 
influence on the position of the field boundary will not 
be possible until more laboratory work has been done 
on systems containing mica, feldspar, and quartz. 

The increase in silica content ended in zone 6, and 
the small amount of material that crystallized later, 

:forming zone 7 and the replacement bodies, was low 
in silica and high in alumina, alkalies, water·, and 
fluorine. The contrast in composition between this 
material and the rest o:f the pegmatite, coupled with 
the evidence for replacement of some previously solidi
fied rock, suggests that a hydrothermal or pneumato
lytic fluid separated from the silicate liquid. During 
the time that the outer zones were crystallizing, the 
content of water in the remaining liquid must have in
creased progressively until it had become as high as 
possible. Subsequently, a fluid phase rich in HzO would 
have to separate, and dissolved materials would then 
be distributed between this and the remaining silicate 
liquid. This process could account for the concentra-. 
tion of alumina, alkalies, and volatiles in some places 
and of silica in others. At a very late stage the pres
sure of the fluid rich in H 20 must have increased until 
it exceeded the confining pressure, and this fluid then 
escaped outward and replaced previolisly crystallized 
rock. 
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33. A NEW BERYLLIUM DEPOSIT AT THE MOUNT WHEELER MINE, WHITE PINE COUNTY, NEVADA 
( 39) 

By H. K. STAGER, Menlo Park, Cali£. 

The recent discovery by Mt. 'Vheeler Mines, Inc. 
of a large beryllium deposit at the Mount Wheeler 
tungsten mine in Pole Canyon, on the west side of the 
Snake Range, 'Vhite Pine County, ·Nev., has. caused 
widespread interest among geologists and mining. 
people. Because the principal beryllium minerals in 
this deposit-phenacite and bertrandite-are easily 
mistaken in hand specimens for ordinary quartz, this 
deposit had escaped the notice of the many geologists 
and engineers that had mapped the geology and ex
plored the tungsten and other mineral deposits in the 
district. The geology of the deposit is described here 
to provide information on the mode of occurrence of 

·this unusual ore that may be useful in searching for 
similar deposits elsewhere. 

. The rocks exposed in the Pole Canyon area are, from 
oldest to youngest, the Prospect Mountain quartzite, 
the Pioche shale, and the Pole Canyon limestone, all 

of Cambrian age (Drewes and Palmer, 1957). The 
beds strike northwest and dip 5° to 20° south. 

About 400 feet of the Prospect Mountain quartzite ilS 
exposed in the mine area. The Pioche shale, which 
overlies the quartzite, is about 450 :feet thick. It con
sists mainly o:f micaceous, siliceous, highly indurated 
shale, but includes several beds and lenses of limestone. 
The thickest of the limestone beds, known locally as the 
"vVheeler limestone", is about 50 feet above the quartz
ite contact and may be equivalent to the CM (Com
bined Metals) limestone at Pioche, Nev. Its average 
thickness is about 20 feet, but in places it is as much as 
50 feet thick. At the outcrop in Pole Canyon it is pure 
white to gray, but in the mine workings, about 2,500 
feet east of the outcrop, it is a black, carbonaceous lime
stone. In an area beginning about 3,800 feet east of 
the outcrop it is almost completely silicified, probably 
because of a nearby concealed granitic body. The lime-

., 
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stone is the host rock for the tungsten and beryllium 
deposit. 

The sedimentary rocks are cut by three sets of faults. 
One set strikes north and dips steepiy east or west, the 
second strikes east or northeast and dips steeply north, 
and the third strikes east and dips gently south nearly 
parallel 'vith the bedding. These faults a.re commonly 
occupied by quartz veinlets from a few inches to as 
much as five feet wide. 

Granitic rocks, ranging from quartz monzonite to 
granodiorite, are exposed about three miles nor~h of 
the mine and crop out over an area of about 20 square 
miles (Drewes, 1958). The granitic body is believed to 
underlie the area at a shallow depth, perhaps less than 
1,000 feet, and was possibly the source'of the beryllium
bearing solutions that formed the deposit. 

The 1\{ount "TJ1eeler tungsten deposit was discovered 
in 1950 and was explored by 1\{ount ''Theeler Mines, Inc., 
in cooperation with the Defense 1\{inerals Exploration 
Administration, between 1952 and 1954. Beryl was 
.first found to be present in the ore in 1951, but no signifi
cance was attached to the fact until 1959, when 1\ir. 
,J.D. "Tilliams, president of 1\{ount vVheeler 1\iines, had 
the tungsten concentrates analyzed for bei·yllium. The 
analyses revealed more beryllium than could be ac
counted for by the small quantities of beryl that had 
been observed at the mine. Beryllium :R.esources, Inc., 
of Salt Lake City, Utah, then explored part of the bery 1-
limn deposit, and between September 1959 and 1\{arch 
19'60 this company drove about 600 feet of new under
ground workings and did 10,000 feet of underground 
diamond-drilling. 

The ore shoots are localized in the lower 15 feet of the 
"vVheeler limestone", along quartz veinlets in steeply 
dipping fault fissures that strike east or northeast. Ex
ploration has shown that the beryllium minerals occur 
in a zone that extends for about 2,500 feet along the dip 
of the outcrop of the ""Theeler limestone" in Pole Can-

yon and extends eastward into the range along the 
strike for about 4,000 feet. The size and limits of the 
deposit have not yet been determined. The ore shoots 
within the explored area range from a few feet to more 
than 10 feet in width and from 15 to 20 feet in vertical 
extent, and one shoot has been traced for a strike length 
of about 1,500 feet. The average. BeO content of the 
ore is about 1.0 percent. 

Mineralogical .studies by R. G. Goleman and others, 
U.S. Geological Survey, indicate that more than half 
the beryllium in the ores is contained in the mineral 
phenacite (Be2Si04 ). The phenacite occurs in color
less, translucent, euhedral to subhedral crystals re
sembling qua.rtz. It is found throqghout the deposit 
but is most abundant in the western part, where it is 
associated with scheelite and pyrite. Bertraridite 
(Be4Si20 7 (0H) 2 ) is also an important ore mineral and 
in places accounts for nearly half the beryllium in the 
ore. It occurs in thin, bladed, translucent crystals and 
rosettes. It is most abundant in the eastern part of the 
deposit, where it is accompanied by fluorite and phena
cite; it was probably derived from phenacite. The 
beryllium minerals are intimately associated with 
scheelite, fluorite, pyrite, sericite, and manganoan side
rite. In places the ore contains a little galena and 
sphalerite. The beryl, which is pa1e blue, forms vein
lets and small isolated euhedral crystals. It is most 
common in and near the thin quartz veinlets cutting the 
Pioche shale below the ore bodies, where it is associated 
with phyrite, caleite, sericite, fltiorite, and rarely 
scheelite. 
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34. PRE-MINERALIZATION FAULTING IN THE LAKE GEORGE AREA, PARK COUNTY, COLORADO 

By C. C. HAWLEY, W. N. SHARP and W .. R. GRIFFITTS, Denver, Colo. 

The Lake George beryllium area in Park County, 
Colo., is underlain mainly by Precamht·ian rocks. The 
area is traversed by large-scale lineaments trending 
north-northwest, which coincide ·at least in part with 

faults that are older than the mineralization. The 
rocks in the southw·estern part of the area are mainly 
schists and gneisses, cut by many granite pegmatites of 
simple composition and by small granitic bodies. The 
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northeastern part of the area is underlain by the Pikes 
·Peak granite, which is younger than all the other Pre
cambrian rocks (fig. 34.1). 

'I'he beryllium deposits of the a.rea are small replace
Jnent veins and pipes localized by fractures and rock 
contacts. The Boomer mine develops the most im
portant deposits, which are in part extensively greisen
ized zones in the Pikes Peak granite and at its contact 
with the metamorphic rocks, and in part veins that 
cross that contact. Other deposits are associated with 
greisenized zones within the Pikes Peak batholith or 
along its contact. 

The linen.ments are most evident on areial photo
graphs (fig. 34.1). Detailed mapping near the Boomer 
mine has shown that there a.t least these lineaments are 
faults. The fan lting is probably older than the 
mineralization, for the rocks along the faults are locally 
greisenized and the greisens contain very small yet 
significant amounts of beryllium. The fault just west 
of the Boomer mine is exposed only in three trenches 
excavated by the U.S. Bureau of l\1ines on sites chosen 
in the light of our mapping. In trenches 1 and 2 (fig. 
34.1) the fault is indicated by highly sheared rocks, 
which in trench 2 are partly greisenized. In trench 3, 
cut at the site of a beryllium geochemical anomaly, the 
fault zone is about 15 feet wide and is composed of 
about 12 feet of soft, shea.red, fluorite-bea.ring rock and 
a 3-foot vein of iron-stained greisen. 

The age of tlu~se fa,.ults that appear to have caused the 
lineaments is not known; most likely they were formed 
in several periods of movement.· The paralleli$m of 
some lineaments in the metamorphic rocks with the 
main granite contact, particularly in the northern part 
of the area, suggests tha.t they existed pr_ior to the in
trusion of granite and guided its emplacement. On 
the other hand, the granite batholith is cut by linea
ments of similar trend, which indicate post-granite 
movement. 

The relation of the faults to the beryllit~m minerali
zation is at this time highly speculative. The principal 
beryllium deposits of the Lake George area are not 
closely associated with the major lineaments, and fur
ther study may prove that there is no direct relation 
between them. The major lineaments, however, are 
not well prospected, and may be significantly mineral
ized in some places where they have not been examined. 
Furthel'lnore, movement on the major faults may have 
caused smaller and less obvious subsidiary fractures 
along which localized mineralization occurred. A pos
sible result of subsidiary fracturing is the vein and dike 
zone exposed in the J &S mine between the Boomer 
mine and the known fault. 

Since there is good correlation of known deposits 
with beryllium soil anomalies, systematic soil sampling 
might be the most efficient way of prospecting the large 
faults. 

35. BERTRANDITE-BEARING GREISEN, A NEW BERYLLIUM ORE, IN THE LAKE GEORGE DISTRICT, COLORADO 

By vV. N. SHARP and c. c. HAWLEY, Denver, Colo. 

The Lake George beryllium district, in Park County, 
Colo., has produced most of the beryllium ore mined in 
recent years in the ·united States. The ore hns consisted 
largely of beryl, but in 1959 bertrandite (Be4 (OH)2 
Si201 [47 percent BeO]) was discovered in mica-quartz 
greisen n.ssociated with beryl ore. Some of the bertran
dite-bearing greisen has proved to be richer in beryllium 
than the beryl ·ore, nnd it is considerably easier to mine. 
Visual determination of the grade of bertrn.ndite-bear
ing rock is difficult, but selection of ore-grade rock has 
been made possible by use of a beryllium-detecting de
vice similar in principle to the one described by Vaughn 
and others ( 1960). 

The Lake George district is at the western edge of .the 
Pikes Peak granite batholith. In the district a number 

557753 0-60-6 

of pipelike bodies and irregular masses of greisen a,nd 
greisenized rock as much as 20 feet across are present 
within the main granite mass, and also in small outly
ing bodies of granite and along contacts of granite with 
the older metamorphic rocks. The Boomer mine, from 
which most of the ore has been produced, is in a zone 
of irregularly greisenized rock along the contact of a 
small granite stock. Both granite and metamorphic 
rock are intensely altered locally to mica-quartz greisen; 
related high-temperature veins consisting largely of 
quartz, muscovite, ;md beryl are enclosed in greisenized 
rock a.nd cut adjacent granite and metamorphic rock. 

The greisen in the Lake George district ·is generally a 
gray granular rock consisting of muscovite that is pre
dominantly dark gray b~1t locally yellow, dispersed aR 
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single crystals or clots of crystals, in granular quartz. 
The relative amounts of quartz and muscovite in the 
normal greisen vary, but the granular texture and span
gled gray color of the rock make it conspicuous wher
ever it is exposed. Fluorite is present in almost all of 
the greisen, and topaz is abundant locally. The greisen 
contains pyrite, sphalerite, . molybdenite, wolframite, 
galena, chalcopyrite, arsenopyrite, sooty pitchblende, 
and bertrandite, but these are generally scarce and ir
regularly distributed; locally, however, one or more of 
them constitutes several percent of the rock. 

The high-temperature veinlike deposits, generally 
beryl bearing, are not uniform in appearance or com
position. They range in character from poorly de
fined, highly altered complex veins within strongly 
greisenized zones to small simple quartz-beryl veins in 
unaltered granite or metamorphic rock. l\1ost of the 
beryl ore produced from the mine has come from the 
veinlike deposits in greisen, near contacts between 
granite and metamorphic rocks. The beryl ore consists 
largely of intergrown green and white beryl crystals 
with interstitial quartz and muscovite. . Locally the 
beryl-bearing rock has been highly altered, and con
tains bertrandite, and possibly some hitherto uniden
tified beryllium minerals, in association with abundant 
yellow muscovite. 

Bertrandite-bearing greisen is a local variant of 
normal greisen in the Lake George district, and in at 
least one place it· is sufficiently abundant to be ore. 
This is at the Boomer mine, in a small granite stock, 
and such rock occurs in at least one of several pipes 
in Redskin Gulch in the main Pikes Peak granite 
batholith, several miles to the east. 

Bertrandite in greisen is an inconspicuous mineral, 
hard to distinguish from feldspar or stained quartz in 
hand specimens, and much of the bertrandite-bearing 
greisen closely resembles normal greisen. At the 
Boomer mine, however, the bertrandite-bearing greisen 
appears to contain more fine-grained yellow muscovite 
than normal greisen, and locally at least it can be dis
tinguished by its lighter color. The contact between 
the darker gray and the paler yellowish greisen is com
monly sharp but irregular. But yellow muscovite can
not be used as a general criterion for bertrandite-bear-

ing greisen, for it is a minor but widespread constituent 
of barren greisen as well. The bertrandite in the 
greisen forms pale flesh-colored crystalline aggregates 
and rounded grains evenly distributed through the 
rock; it is about equal in abundance to quartz and to 
1nuscovite. Fluorite appears to be more abundant in 
the bertrandite-bearing greisen at the Boomer mine 
than in the normal greisen. The bertrandite-bearing 
greisen in the Redskin Gulch pipe appears, from a 
brief preliminary study, to be similar to that at the 
Boomer deposit. 

Bertrandite appears to be an original component of 
the <Yreisen in which it occurs. Quartz and bertrandite b . 

form subhedral crystals and granular aggregates that 
sho\v no replacement relations. 

Greisen is associated with many granitic intrusive 
masses throughout the world. It is particularly com
mon in Australia and Russia; other well-known occur
rences are in England, France, China, and Egypt. In 
most of the major localities, greisen and associated 
hio-h-temperature veins contain significant amounts of 

b • 

tin, tungsten, and molybdenum, which in places are 
sufficiently a.bundant to make. the rock an ore. Beryl 
has been reported in many areas of greisenized rocks, 
and bery ll1um may be a more common constituent of 
these rocks than has heretofore been recognized, for 
beryllium was not given much attention before its recent 
increase in economic importance, and was rarely in
cluded in analyses. Beryl itself may occur in greisen in 
areas other than the Lake George district without hav
ing been recognized, and the same thing is even more 
likely to be true of the rarer mineral bertrandite. 

Since known occurrences of bertrandite-bearing 
greisen in the Lake George district are associated with 
the Pikes Peak granite batholith, either in its periph
eral zone or in an outlying stock, other, undiscovered 
areas of greisenized rock probably occur along the pe
riphery, and perhaps deeper within the batholith. A 
general reconnaissance of the Pikes Peak granite and 
adjacent rocks might therefore reveal other beryllium 
deposits. 
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36. REGIONAL AEROMAGNETIC SURVEYS OF POSSIBLE PETROLEUM PROVINCES IN ALASKA 

By Ism01m ZmTz, G. E. ANDHl~ASl~N, and AnTI-run GRANTZ, "Tashington, D.C., Washington, D.C., and Menlo 
Park, Calif.· 

The U.S. Geological Survey has conducted numerous 
regiomt1 neromagnetic surveys to help evaluate some 
of the possible petroleum provinces in Alaska. Figure 
3G.1 shows the a1·eas which have been surveyed for this 
purpose. Because most of the work was of a recon
mtissance nature the results hnve been compiled in the 
form of "nested" profiles except for the Copper River 
basin, J(vichak Bay lowland, and on the Arctic slope, 
where close fiight spacing permitted contouring of the 
data. The aeromagnetic data on which the interpreta
tion discussed in this report iq based ha.ve been placed 
on open-file or published (Andreasen, Dempsey, and 
1-:Tenderson, 1958a, 1958b; . .Andrensen, Dempsey, and 
Vn.rgo, 1958; Andreasen, 1960; Dempsey and others, 
1957; J(eller and 1-:Tenderson, 1947; ~feuschke and 
others, 1957; Zietz and others, 1959). 

Surveys were flown in areas known to be underlain 
by sedimentary rocks to provide information about the 
thickness of these rocks and their extent into unmapped 
ot· covered areas. Tracts of low·, flat terrain covered by 
surficial deposits or water, where there is little geologic 
informa.tion, were also investigated to determine if they 
are underlain by significant thicknesses of nmm1agnetic 
(possibly sedimentary) rocks. 

l'he geologic structure of most areas in Alaska is 
complex, with much folding and faulting. In many 
places magnetic igneous rocks, both intrusive and ex
trusive, occur within the sedimentary rocks. As a 
consequence, the interpretation of aeromagnetic data 
is difficult and must be considered in terms of detailed 
local geologic information. "There the sedimentary 
rocks rest on nonmagnetic basement rocks, interpreta
tions based upon the aeromagnetic data are ambiguous. 

In many of the areas of flat terrain, magnetic rocks 
were found to be near the surfa.ce. Such areas include 
the Yukon and Susitna. flats, Galena, ~1iddle and Upper 
Tanana, and Selawik lowla,nds, the northern half of 
the Copper River Basin, a . .nd Norton Sound. It is be
lieved that these :treas are underlain at shallow depths 
by rocks similar to the partly magnetic formations that 
crop out in adjacent areas. 

]~vnJuution of geologic and aeromagnetic data in
dicate that significant thicknesses of sedimentary rocks 

occur in several areas. For example, large areas of 
Cook Inlet and the Kenai lowland are underlain by 
sedimentary rocks 3 to 4 miles thick, and a thick sedi
mentary section is indicated in the J( vichak Bay and 
Kandik areas. 

Analysis of magnetic data suggests that much of the 
southern Copper River basin is underla.in by a thick 
~ction of nonmagnetic, possib~y sedimentary rock. 
Thick masses of sedimentary rocks underlie the Yukon
J(uskokwim delta; these a..re overlain in places by lavas 
of late Cenozoic age. 

A sedimentary basin has been outlined in the J(oyu
kuk area east of the Se'\vard Peninsula and west of 
Koyukuk Flats (Zietz and others, 1959). The basin is 
elliptical in shape, extends in a northeasterly direction 
and is about 80 miles wide. The basin is bounded on 
the east by the Yukon and J(oyukuk Rivers, on the west 
and north by the edge of the exposed volcanic rocks, 
and it extends at least as far south as 64°30' N. Depths 
to magnetic basement ra.nge from 3 to 5 miles. 

In the Arctic slope area, magnetic basement deepens 
to the south from Point Barrow about to the Colville 
River, where depths of more than 5 miles a.re indicated. 
However, at several places along the Colville River, 
depths become much shallower (2 to 3 miles). Mag
netic basement is also relatively shallow (2 to 3 miles) 
to the east in the neighborhood of the Anaktuvuk and 
J(uparuk Rivers between the latitudes of 69° N. and 
70°N. 
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1. Bethel Basin 
2. Cook Inlet 
3. Copper River 
4. Kobuk 
5. Koyukuk 
6. NPR 4 -- 58° 
7. Nushagak 
8. Cape Thompson-Shishmaref traverse 
9. Minchumina 

10. Anchorage-Nome traverse 
11. Ugashik 
12. West Hogatza 
13. Yukon Flats and Kandik 

These descriptions are project names only 
and are not intended to outline basin areas. 

l1'10URE 36.1.-Index map of Alaska showing location of aeromagnetic surveys over some possible petroleum provinces. 
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37. STUDIES OF HELIUM AND ASSOCIATED NATURAL GASES 

By ARTHUR P. PIERCE, Denver, Colo. 

Wo1·k llone in coopm·ation with the U.S. A.tomic Energy Commission 

Few geologic studies have been made of helium in 
natural gases since that of Rogers ( 1921). Since 
then, a large body of analytical data has accumulated 
regarding the helium content of natural gases in the 
United States as the result of the helium surveys made 
by the U.S. Bureau of ~1ines (Anderson and :Hinson, 
1951; Boone, 1958). These data show tha.t some he
limn is present i.n n.ll gas fields. Also, the helium con
tent of the gas fields tends to increase systematically 
with the geologic age of the reservoir rock (fig. 37.1), 
as would be expected if the helium were derived from 
slow decay of uranium and thorium inherent in rocks. 
Calculations, however, show that the reservoir rocks of 
the average gas field would have ~o contain about 0.03 
percent- urat1ium in order to gene1:ate the helium that 
is present in them. This is about olle hundred times 
the tn·anium content of most sedimentary rocks and 
raises a serious question as to the origin of the helium. 

As the hydrocarbons in natural gas fields are almost 
certainly derived from surrounding seclimenta.ry source 
rocks, it is probable that at least part of the helium was 
derived fr01n decay of uranium and thorium in the 
same rocks. In general such source rocks are saturated. 
with water and are at structurally lower elevations than 
the gas fields they supply. If it is assumed that the 
radiogenic helium in these rocks can migrate into a 
gas field at a rate that is rapid enough to maintain an 
equilibrium concentration, then the partial pressure of 
helium in the gas reservoirs can be calculated from 
I-Ienry's Law: 

PHo=l{w 

where PHo is the' partial pressure of helium in the gas 
fi.eld, [{ is an equilibrium constant, and x is the mole 
fraction of helium in the pore waters of the source rock. 
m can be computed from radioactivit~y laws and rock 
properties. Doing this, the entire expression becomes: 

PHo=KUJ[ 8(elt-l) +7 ll'(el't-l) +6R"(el"t-l) ]~ 
where U is the uranium content of the source rock in 
moles per gram of rock; f is the fraction of radiogenic 
helium escaping into the effective porosity; l, l' and Z" 
are the decay rates of U-238, U-236, and Th-232, re
spectively: R' is the present ratio of U-235 to U-238; 

R" is the present ratio of Th-232 to U-238 in the rock; 
d is the rock density; t is the age of the rock; and w 
is the water content in moles per cubic centimeter of 
rock as calculated from the rock porosity (water sat
urated). For water at the temperatures in the usual 
sedimentary rock [{is about 1.9 X lOr. psia. 

From the above expression we can calculate the par
t!ial pressure of helium as a function of the age of the 
rock. On the conservative assumptions that the aver
age gas source rock has a uranium content of 3 ppm, 
a thorium to uranium ratio of 3.6, a density of 2.·1: 
g/cc, 13 percent porosity, and retains 50 percent of its 
radiogenic helium as estimated by Hurley (1954), the 
helium partial pressure in a gas field in typical sedi
nlentary rocks will increase at a rate of about 0.9 psi 
every 100 million years. As actual gas fields do not 
retain all the helium migrating into them, this esti
mate represents an upper limit. Even the most re
tentive gas fields will lose some helium due to diffusion. 
The available data on diffusion of helium, however, 
suggest that its diffusivity throt.tgh impermeable rocks, 
such as the cap rocks of a gas field, is at least an order 
of magnitude less than its diffusivity through water. 
This would allmY the helium partial pressures in gas 
fields \Yith impermeable cap rocks to become quite close 
to those calculated from Henry's Law. Thus, gas fields 
in rocks of Tertiary age ( 1 to 60 million years) should 
have up to about 0.5 psi helium, gases in rocks of ~1eso
zoic age ( 60 to 200 million years) should contain up to 
about 2 psi, and gases in rocks of Paleozoic age (200 to 
600 million years) should contain up to about 5 psi 
helium. Comparison of these estimates with observed 
helium partial pressures in gas fields of different ages 
(fig. 37.1) indicates that the helium present in most 
gas fields has probably been derived from decay of 
trace amounts of uranium and thorium in the sur
rounding rocks. 

Although the explanation just given will account 
for the helium present in most gas fields, there are some 
significant exceptions. Cambrian n.nd Ordovician gas 
fields of the Central I\:nnsas uplift contain from 10 to 
60 psi helium. ~1ost of these gas fields occur in folded 
rocks underlying a major unconformity. Rocks of 
Devonian and ~iississippian age, including the uranif-
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erous Chnttanooga shale, have been removed and 
truncated by erosion, and cap rocks of Pennsylvanian 
age were deposited over the top of the uplift. At least 
two possible sources exist for the helium in this area: 
(a) the underlying basement rocks, which should have 
a large helium content because of their great age; and 
(b) the truncated uraniferous Chattanooga shale from 
which the helium could have migrated laterally into 
the gas fields. 

Other gas fields in which high helium partial pres
sures may be related to source rocks that are enriched 
in ura.nium are the Panhandle field, Texas, and the 
I-Iarley Dome, Utah. In the Panhandle field reservoir 
rocks containing the highest partial pressureSl of he
] imn (a bout 9 psi) are faulted against possible helium 
source rocks that are unusually radioactive and con
tain uraniferous asphaltite over large areas. In the 
J:Tarley Dome, gases with an abnormal helium partial 
pressure ( 11 psi) occur in the l\1orrison formation, 
which is a significant host-rock for uranium deposits 
in nearby areas. 

The highest he] ium partial pressure (about 240 psi) 
among gas .fields of the United States occurs in the 
Rattlesnake field, New l\1exico. No satisfactory expla
nation is known for the origin of the helium in this 
field. The high pn,rtial pressure may be related to the 
occurrence of the gas field in an area of abnormal 
geothermal gradients. 

Nitrogen is intimately associated with helium in nat
ural gn$eS n,nd its origin has never been well under
stood. Unusually high concentrations of nitrogen that 
are present in gases from mineral springs and in some 
shnllow gas fields evidm1tly represent dissolved air from 
circulnting ground waters. In other gases, particularly 
helium-rich gases, the amount of nitrogen tends to in-

crease with the age of the reservoir rock at a rate similar 
to the increase in helium. Much of this nitrogen may 
originate from slow decomposition of nitrogenous or
ganic compounds, such as chitin, porphyrins, and 
amino acids, present in sedimentary rocks. Studies by 
Abelson ( 1959) indicate that the decomposition rates of 
such nitrogenous compounds are extremely slo'v under 
natural conditions, and in the case of some amino acids, 
may be of the same order of magnitude as the decay 
rates of uranium and thorium. This suggests that the 
parallel enrichment of nitrogen with helium in natural 
gases could be related to its derivation froin such sub
stances. The mean ratio of nitrogen to helium in nat
ura 1 gases is about 30 (fig. 37.1), and if the two gases 
are assumed to be derived from a typical source rock 
(3 ppm U, 11 ppm Th) would require the decomposition 
of about 3 ppm organic nitrogen from the rock every 
100 million years, or about 20 ppm since the beginning 
of Cambrian time. This is considerably less than the 
organic nitrogen content of modern marine sediments 
(about 0.04 percent organic nitrogen)·. Such a source 
of nitrogen. is, therefore, feasible. 
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38. THE INTERPRETATION OF TERTIARY SWAMP TYPES IN BROWN COAL 

By GlmHARD 0. vV. l(REl\IP and ANTON J. J(ovAR, Denver, Colo., and Pennsylvania State University, University 
Park, Pa. 

Intensive palynological investigations of brown 'coal 
of early l\1iocene age from the Lower Rhine Basin in: 
Germany made it possible for Thomson (1950) to rec
ognize nine different pollen florules, indicating nine 
different nncient swamp types, within· a seam that 
reaches a thickness of 300 feet (see table below). This 
helped decisively in solving some of the problems relat-

ing to co a 1 seam correlation in the area (Rein, 1952). 
Plant associations similar to those he recognized were 
later recognized in many other lignites, and the distinc
tions between various types of fossil swamps were 
applied to the study of bituminous eoals. This line of 
thinkin~ also led to a better understanding of the 
petrography of various substances found in coal seams 



B80 GEOLOGICAL SURVEY RESEARCH 1960-SHOR'r PAPERS IN 'l'HE GEOLOGICAL SCIENCES 

(Teichmiiller, 1950; TeichmiUler and Thomson, 1958) 
and aided in , solving problems of fuel technology 
(Pflug, 1957). 

Fossil swamp types of the Rheinische Brown Coal, and their 
dependence on frequency of flooding 

[According toP. W. Thomson, 1956, p. 67, fig. 1] 

Frequency of flooding Light-colored sediment Dark-colored sediment 

Seldom flooded, Coal of ombrogenous Coal of stump 
mostly dry. swamps. . horizons (ct. 

Sequ01'a) with 
fusinite (forest 
fires). 

Coal of ± oligo- Coal of forest 
trophic forest swamps with 
swamps. many pines and 

palms (cf. Sabal). 
Coal of forest 

swamps with 
many Myrica-
ceae-Betula-
ceae. 

Periodically Coal of sedge swamps Coal of forest 
flooded. ( cf. Cyperaceae), swamps with 

treeless, and at many Taxodi-
the base with aceae (Glypto-
secondary alloch- strobus, etc.) and 
thony (the "light Nyssa. 
layers" of Wolk, 
1935). 

Always under Gyttja, rich in clay __ Dy-gyttja. 
water. 

After an extensive survey of the literature, Thomson 
concluded that the modern plant associations most 
closely related to the nine swamp types that he .recog
nized were to be found in the southeastern part of the 
United States, especi,ally in Florida. Our own field 
studies in the swamps of this region, however, indicate 
that Thomson's comparisons should be altered in some 
respect for the following swamp types: 

1. "Treeless sedge s,;vamps." It would appear that the 
plant associations characterizing the light layers of 
the Rheinische Brown Coal, though usually com
pared with those in the Everglades of Florida 
(Teichmlille.r, 1958), are not yet completely under
stood. 

'Veyland (1958, p. 530) remarks that to judge 
from the records, remains of Cyperaceae and Gram
ineae are strikingly scarce in the Brown Coal, and 
Neuy-Stolz (1958) states that Cyperaceae pollen 
has not been definitely identified, and that pollen 
which might belong to the Gramineae h~s very sel
dom been re~orded. The lack of recorded occur-

rences of these pollen has been explained on the 
assumption that the pollen as well as the leaves of 
the Glumiflorae are not preserved. But we found 
pollen of Cyperaceae and Gramineae in appreciable 
amounts in the sediments of the Everglades. These 
types of pollen are also reported in abundance from 
many Pleistocene localities; we are unaware, how
ever, of any record of their being found in abun
dance in lowe.r and middle Tertiary sediments. 
Since most pollen is generally well preserved in the 
Brown Coal, it seems unlikely that just the pollen 
mentioned above should have been destroyed by 
fossilization processes. It is more probable that 
ext'ensive sedge and grass swamps did not exist in 
middle Tertiary time. 

Furthermore, quercoid pollen, which is very rare 
in the Everglades, dominates the light layers of the 
Brown Coal-e.g. Quercoidites 1nicrohenrici (Poto
ni,e, 1931), Quercuspollenites hen1>ici ( Potonie, 
1931). Thomson supposed that these pollen were 
blown into the Tertiary swamps of Germany from 
nearby forests. It is possible, however, that many 
oaklike species able to grow in swamps existed 
during the Tertiary. Oaks are actually growing 
today in the southeastern swamps of the United 
States-e.g. Qu~rcus ndchauwii Nuttall. 

2. "Forest swamps with many Myricaceae-Betulaceae." 
Although llfynca and also Betulaceae are found in 
Florida today, they do not form extensive swamp 
vegetation, whose occurrence in many lower and 
middle Tertiary coals has been recorded by palynol
ogists. Current observations favor the conclusions 
of Gladkova (1956), who states that more species 
of 111 yrica must have existed throughout early Ter
tiary time than exist at present. This would mean 
that the Myricaceae-Betulaceae-forest swamp types 
of the Tertiary cannot be compared with modern 
equivalents, simply because most of the Tertiary 
species of ~~ yrica are now probably extinct. 

3. "Ombrogenous swamp types." The relative abun
dance of SphagnunL spores and Ericacea pollen in 
certain coal laye.rs of the Rhine valley does not 
necessarily indicate a "humid-lusitanic" climate as 
Thomson (1952) has suggested. Swamp plant as
sociations in which .Sphagnum is important also 
exist in the Okefenokee Swamp and elsewhere in 
Florida. These swamps, however, do not represent 
highmoors or other ombrogenous swamp types. 

4. The "forest swamp types with much pine or palm 
pollen" may represent only bordering zones of other 
swamp types in which a large percentage of the pine 
or palm pollen they contain is blown in from drier 
areas. 

')~. 
-· 4 



... 

FUELS B81 

5. The "cf. Sequoia-forest swamp type" may to a cer
tain degree be best compared with modern cypress 
heads and dense, swampy cypress for~sts. 
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39. COAL RESERVES OF THE UNITED STATES, JANUARY 1,1960 

By PAUL AvERITT, Denver, Colo. 

The coal reserves of the United States remaining in 
the ground on January 1, 1960, totaled 1,660,290 mil
lion tons, as shown in the accompanying table. The re
covern,ble reserves totaled 830,145 million tons, based 
on the assumption that half of the coal in the ,ground 
will be lost in mining and half will be recovered. 

The new totals are based on detailed, classified esti
mates in 14 States and provisional estimates in 5 States 
prepared since 1947 by the U.S. Geological Survey; on 
classified estimates in 7 States prepared by State geo
logical surveys; and on older and incompletely docu
mented estimates for the -remaining States. The 26 
States for which modern estimates have been prepared 
include about 90 percent of the total coal reserves of the 
United States as currently estimated. 

The information in the table was taken from· the fol
lowing sources: 

Averitt, Paul, Berryhill, L. R., and Taylor, D. A., 1953, Coal 
resources of the United States (A progress report, Oc~ober 
1, 1953) : U.S. Geol. Survey Circ. 21)3, 49 p., [1954]. 

Barnes, F. F., Alaska coal reserves, written communication, 
1959. 

Brant, R. A., and DeLong, R. M., Coal resources of Ohio: Ohio 
Div. Geol. Suney Bull. 58 (in press). 

Culbertson, ,V. C., Coal resources of Alabama, written commu
nication, 1960. 

Haley, B. R., 1960, Coal resources of Arkansas: U.S. Geol. Sur
vey Bull. 1072-P. 

Huddle, .J. ·w., and others, Coal resources of eastern Kentucky, 
written communication, 1960. 

Landis, E. R., 1959, ·Coal resources of Colorado: U.S. Geol. 
Survey Bull. 1072-C, p. 131-232. 

Luther, E. T., 1959, The coal reserves of Tennessee: Tennessee 
Div. Ge()logy Bull. 63, 21)4 p. 

Mason, R. S., and Erwin, M. 1., 1955, Coal resources of Oregon : 
U.S. Geol. Survey Circ. 362, 7 p. 

Perkins, .J. M., and Lonsdale, .J. T., 1955, Mineral resources of 
the Te~as coastal plain,. a report for Bureau of Heclamation, 
Dept. of_ the Interior: Texas Univ., Bur. of Econ. Geology, 
p. 28-36. 

Trumbull, .J. V. A., 1957, Coal resom;ces of Oklahoma: U.S. Geol. 
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TABLE 39.1.-Coal reserves of tlle Unitefl States, Jan. 1, 1960, by States 

(In millions of short tons) 

Estimated original reserves Reserves depleted to Recoverable 

State Total 

Jan. 1, 1900 reserves, 
------.------!Remaining Jan. 1, 1960, 

reserves assuming 
Date of 
publica
tion of 

estimate 
Bitumi- Subbitumi- Anthracite Production 

Production t plus loss in 
mining 2 

Jan. l, 1900 50 percent 
recovery 

ALABAMA3 _____________________________ (4) 
ALASKA ________________________________ (1) 
ARKA:'\SAS. --------------------------- (4) 
COLORADO.~-------------------------- 19.59 
0 EOROIA _____________ ----------------- 19.53 
ILLI:-.1 OIS .. ---------- __ ----------- ______ 19.53 
1:'\DIA:-.i"A _______________________________ 19.53 
Iowa 11 _____________ ---------------------- 1909 
KAXSAS-------------------------------- B-19.51 

L-1952 KEXTFCKY ___________________________ (l) MARYLA:'\D ___________________________ 19.53 MICHIOA:-.i" ____________________________ 1950 
Missouri. ______________ ------------------ 1913 
l\'10:'\T A:\' A----------------------------- 1949 
XEW 1\IEXICO _____ ------------------- 1950 
XOH'I'H CAROL!:\' A __________________ 19ii5 
XOHTH DAKOTA _____________________ 1953 
OIJIO _____ ------ ______ ------ ___ ----- __ --- (4) 
OKLAHO~lA ___________________________ 1957 OREGON _______________________________ 19.55 PE:\'NSYLVAXIA ______________________ ll-1928 

A-1945 
SOUTH DAKOTA _____ ---------------- 1952 
TE:\'XESSEE ___________________________ 1959 
Texas ~~- __ • _.- --------------------------- B-1909 

L-19.5.5 
UTAH ______ ------------- ______ ----- _____ (7) 
VIROINIA ______________________________ 1952 
Washington.---------- __ ----------------_ 1929 
WEST VIROIXJA ______________________ 1940 
WYOl\U:-./0 _____________________________ 1950 
Other States __________ -------------------- ------------

nous coal nous coal Lignite and semi
anthracite 

5 13,754 ------------ 20 ------------
21,401 8 71,136 (8) 2, 101 

1, 816 ------------ 350 456 
63,203 18,492 ------------ 90 

100 ------------ ------------ ------------
9 137,329 ------------ ------------ ------------

37,293 ------------ ------------ ------------
29,160 ------------ ------------ ------------

9 20,774 ------------ (12) ------------

72,318 ------------ ------------ ------------
g 1. 200 ------------ ------------ ------------

297 ------------ ------------ ------------
79,362 ------------ ------------ ------------

2, 31\3 132, 151 87,533 ------------
10,948 50, R01 ------------ 6 

112 ------------ ------------ ------------
------------ ------------ 350,910 ------------

46,488 ------------ ------------ ------------
3, 673 ------------ (1~) ------------

20 180 ------------ ------------
75,093 ------------ ------------ 22,805 

------------ ------------ 2,033 ------------
13 1, 912 ------------ ------------ ------------

8,000 ------------ 7,070 ------------

28,222 156 ------------ ------------
11,696 ------------ ------------ 355 
11,413 8.J2,H2 (!) 23 

116,618 ------------ ------------ ------------
13,235 8 108,319 (!) ------------
I~ 620 l7 4,065 IS 50 ------------

5 13, 774 6 23 6 40 13,728 fl, 864 
94.638 13 26 94.612 47,306 
2, 622 99 198 2, 424 1, 212 

81,78.5 .506 1, 012 80,773 40,387 
100 12 24 7fi 38 

g 137,329 10 474 10 948 136,381 68, 190 
37,293 1, 148 2, 290 34,997 17, 499 
29,160 357 714 28,446 14,223 

g 20, 774 10}3 10 26 20,748 10,374 

72,318 2, 646 5, 292 67,026 33,513 
9 1, 200 10 6 10 12 1, 188 594 

297 46 92 205 102 
79,362 287 574 78, 788 39,394 

222,047 171 342 221.705 110,853 
61,755 125 250' 61,505 30,753 

112 1 2 110 55 
350,910 96 192 350,718 175,359 
46,488 2,052 4,104 42,384 21, 192 
3, 673 180 300 3,313 1, 656 

200 3 6 194 97 
97,898 13,508 27,016 70,882 35,441 

2,033 1 2 2, 031 1, 015 
13 1, 912 1!6 1412 1, 900 950 
15,070 95 190 14,880 7, 440 

28,378 260 520 27,858 13,929 
12,051 782 1, 564 10,487 5, 244 
fi3, 878 149 298 63,580 31, 790 

116,618 6, 369 12, 738 103, R80 51,940 
121,5.54 402 804 120, 750 60,375 

4, 735 7 14 4, 721 2, 360 
-----TotaL ______________________________ 

------------ 808,420 437,742 

t Production, 1800 through 1885, from "The first century and a quarter of American 
coal industry," by II.:'\. Eavenson, privately printed, Pittsburgh, 1942; production, 
1886 through 1923, from U.S. Oeol. Survey Mineral Resources, annual volumes; 
production, 1924 through 19.'i7, from U.S. Bureau of Mines Mineral Resources 
(1924-31) and Minerals Yearbook (1932-57), annual volumes, augmented for some 
Statrs by records of State mine inspectors; production, 1958, from U.S. Bureau of 
Mines, Mineral Market Summary Xo. 2974, Sept. 9, 1959; production, 1959, from 
U.S. Bureau of Mines weekly coal reports and partly estimated. 

2 Assuming past losses equal past production. 
3 Reserve estimates of States in capital letters supersede estimate~ prepared by or 

under the direction of M. R. Campbell prior to 1928. 
4 New estimate from report in preparation or in press. See text. 
5 Remaining"rcserves, Jan. 1, 1958. 
6 Production.1958 and 1959 only. 
7 New estimate presented for first time in this report. 

447,966 25,836 1, 719,964 19 29,837 59,674 1, 660,290 830, 145 

s Small reserves and production of lignite included under sub bituminous coal. 
9 Remaining reserves, Jan. I, 1950. 
to Production 1950 through 1959. 
II Reserve estimates of States in lower case letters were prepared by or under the 

dirrction of M. R. Campbell prior to 1928. 
12 Small reserves of lignite in beds generally less than 30 inches thick. 
t3 Remaining reserves, Jan. 1, 1959. 
Il Estimated production 1959 only. 
t5 New estimate of lignite reserves; Campbell estimate of bituminous coal reserves. 
t6 AlUZON A, CALIFORNIA, Idaho, Nebraska, and Nevada. 
t7 ARIZON" A, CALIFORNIA, and Idaho. 
ts CALIFORNIA, Idaho, Louisiana, and Nevada. 
t9 Less than total recorded production of about 34.8 billion tons. See footnotes 

5, ll, 9, 10, 13, and 14. 

40. RELATION OF THE MINOR ELEMENT CONTENT OF COAL TO POSSIBLE SOURCE ROCKS 

By PETER ZuBovic, TAISIA STADNICHENKO, and NoLA B. SHEFFEY, Washington, D.C. 

As denudation of an area proceeds, progressively 
, older and more deep-seated rocks become exposed. It 

was therefore thought possible, since the coals of the 
Easteni Interior region represent a long period of sedi
mentation, that the minor-element content of specimens 
of these coals would reflect differences in the rocks that 
were being eroded· at successive periods while the coal 
was being formed. 

It is reasonable to assume that during the weathering 
of rocks, the material transported to the depositionaJ 

sites reflects changes in the character of the rocks being 
weathered, a~1d that during the periods when coal was 
being formed, the amounts of minor elements accumu
lated by the coal would depend upon the a.mounts of 
these elements being brought into the swamp. It is also 
reasonable to assume that the amounts of the elements 
in solution that form sta.ble organic complexes would 
depend upon the amounts of those elements being 
brought into the swamp, and. that the elements would 
be almost completely extracted 'by the coa.l from the 

•• 
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TABLE 40.1.-Distribution of 4-6 bed samples of coal 

[Beds are arranged In their stratigraphic order] 

Group Beds Illinois Indiana Kentucky Total 

McLeansboro _____ No.7 (lll.)=VI (Ind.)___________________________________ 2 1 ---------- 3 
2 

10 
18 

2 

No. 14 (I(y.)____________________________________________ __________ __________ 2 
Cttrbondttle _______ No.6 (lll.)=VI (Ind.)=No. 11 (Ky.) __________________ :..___ 7 2 1 

No.5 (Ill.)=V (Ind.)=No. 9 (Ky.)________________________ 8 1 9 

No.2 (111.) ____ .----------------------------------------- 2 --------------------
Trn.dewn.ter_ _ _ _ _ _ _ III (Ind.)______________________________________________ _ _ _ _ _ _ _ _ _ _ 1 ___ ----- _- 1 

1 
2 
5 
2 

DeKoven (Ill.)__________________________________________ 1 _- _______ - ------ -----
Dn.vis (Ill.)=No. 6 (Ky.)_________________________________ 1 __________ 1 
No.l=(Murphysboro(?)) (Ill.)=Minshall (Ind.)____________ 4 ---------- 1 
L. Willis (Ill.)= L. Block (Ind.)___________________________ 1 1 ___ ---- __ -

'f o tn. l s _ _ _ _ _ _ _ ______________________________________________________ _ 26 6 14 46 

solutions entering the swamp. :Most of the 15 elements 
looked for in these coals do form organic complexes 
having various degrees of solubility and stability. 

The stratigraphic divisions in which the coals are 
grouped, nnd the correlation of the beds, nre those used 
by ''Tan]ess and Siever (1956). The bed samples aver
aged for this comparison comprise 5 from the l\1cLeans
boro group, 30 from the Carbondale group, and 11 from 
the Tradewater group, a total of 46 bed samples repre
senting 10 different coal beds. The distribution of the 
smnpled coal among the differmit "beds is shown in 
table 40.1. 

Detailed analytical and geologic data will be pub
lished in a Inter report. 

DISCUSSION OF THE DATA 

During the differentiation of an igneous magma, 

certain elements, such as V, Cr, Co, Ni, and Cu, are 
generally associated with the earlier, more mafic dif
ferentiates. Later and more silicic differentiates are 
generally enriched in such elements as Be, B, Ga, Ge, 
·l\1o, Y, and La. The minerals consisting largely of the 
mafic elements are less stable and usually weather more 
rapidly than those consisting mainly of the silicic ele
ments. Recycled sedimentary rocks, therefore, should 
contain smaller amounts of mafic elements released by 
\Yeathering than sediments derived directly from the 
weathering and erosion of igneous materials. This is 
especially true of sediments of early pre-Paleozoic age. 
As boron is very high in these samples, only one-tenth 
of the boron is actually used in the suri1mation in table 
40.2, where the group Be+B/10+Ga+Ge+Mo+ 
La+ Y comprises the silicic elements and the ·group 
V +Cr+Co+ Ni +Cu the mafic elements. 

TABLE 40.2-Average minor element content of the coals from three groups of the Pennsylvanian series of the Eastern Interior region 

[Parts per million In coal) 

Group Be B Tl v Or Co 
------------

McLeansboro _______ 3. 2 112 510 33 23 5. 4 
Carbondn.le _________ 2. 0 107 440 39 20 2. 7 
Tradewater _________ 3. 2 66 400 22 16 6. 3 

A summation of the figures in table 40.2 gives: 

Group Silicic clements Mafic clements Ratios (mafic 
(ppm In coal) (ppm In coal) to silicic) 

McLen.nsboro _______ 48 89.4 1. 9 
Cnrbondale _________ 44. 2 87. 7 2. 0 
Tradewu.ter _________ 46 68. 6 1.5 

Ni Cu Zn Oa Oc 
---------------

18 10 14 5. 2 12 
14 12 56 3. 9 13 
15 9. 3 28 3. 7 11 

Mo Sn 
------

3. 9 5. 3 
4. 8 1. 1 
2. 3 .6 

y 

---

9. 4 
6. 3 
8. 7 

La 

3. 1 
3. 

10. 
5 
5 

This summation shows that the quantity of silicic 
elements in the coal is nearly the same in the three 
groups. There is, however, an appreciable difference 
in the mafic elements, which are 1nuch less abundant 
in the Tradewater group than in the others. The 
ratios of mafic to silicic elements in the three groups 
are also significantly different. According to the theory 
of changing source rocks expressed above, the ratio in 
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the Carbondale coals should lie between those in the 
McLeansboro and the Tradewater coals, but in fact it is 
the highest of the three. The apparent discrepancy, 
however, is mainly due to the abnormally high vana
dium content of some of the coals of bed 9 of western 
I{entucky. Nine samples from this bed average 70 . 
ppm of vanadium, whereas eight samples from the same 
bed in Illinois average 25 ppm. Most of the vanadium 
in bed No. 9, in the area where it is so abundant, is in 
the extrmne upper part of the bed. There is evidence, 
however, that the deposition of this coal was terminated 
in this area by a marine invasion, and it therefore seems 
possible that the anomalous vanadium was accumulated 
by marine organisms and thus incorporated in the 
uppermost part of the bed. If that is true, it should 
not be considered in making comparisons with the other 
coals. The ratio of the mafic to silicic elements is 1. 7 
for bed No. 6 in Illinois, and 1.6 for its correlatives in 
the other two States. For bed No. 5 in Illinois and its 
correlatives elsewhere, the ratio is 2.3. If, however, 
vanadium is excluded frmn the mafic group, the ratios 
are 1.2 and 1.1 for beds Nos. 6 and 5, respectively. 
This shows a great deal of similarity between the two 
beds. 

A further degree of sim~ilarity is expressed by Co, 
Ni, and Cu, and by Y and La. The ratios of Co :Ni :Cu 
are 1 :5.4:4.5 for bed No. 5, and 1 :5.4:5. for bed No. 6. 
The ratio of Y to La is 1.6 for bed No. 5 and its 
correlatives; 1.7 for bed No. 6 and its correlatives. 
Not only are these ratios very close together, but the 
Be and Ge averages for the two beds are identical, and 
Ti, Cr, Mo, Y, and La differ by less than 25 percent. 

The differences are slightly higher for B, Co, Ni, Cu, 
and Ga. 

From the above observations and discussions it may 
be seen that there is a similarity between the minor 
element content of beds Nos. 5 and 6 and that of their 
correlatives. It is also true that if the anomalous vana
dium of bed No. 5 is discounted, the ratio for that bed 
(about 1.6) corresponds closely to that for bed No. 6 
(about 1.7). "\Vith such a ratio for bed No.5, the Car
bondale group of beds bear out the assumption that the 
ratio of mafic to silicic elements should increase up
ward. 

It is therefore almost certain that the changing minor 
element content of these coals reflects the progressive 
exposure and erosion of deeper seated rocks as Pennsyl
vanian sedimentation progressed. This conclusion ac
cords with one expressed by Potter ~u1d Glass (1958, p. 
52-53). They believe that in the earlier sedimentary 
history of the Eastern Interior basin, sedimentary rocks 
for1i1ed by repeated reworking of detritus from parental 
igneous rocks contributed most of the detritus to the 
basin, but that as Pennsylvanian sedimentation in the 
basin proceeded, crystalline rocks contributed an in
creasing proportion of detritus. 
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41. THE ASSOCIATION OF SOME MINOR ELEMENTS WITH ORGANIC AND INORGANIC PHASES OF COAL 

By PETER Zunovrc, TArSIA STADNICHENKo, and NoLA B. SHEFFEY, "\Vashington, D.C. 

In studying the minor elements contained in coal, it 
is worth while to estimate the degree to which each of 
the elements is associated with the organic and inor
ganic substances in the coal. Complete separation of 
organic and inorganic material is in1possible, but a fair 
degree of separation can be achieved by relatively 
simple flotation procedures. Although most of the 
fractions in these separations consist predominantly of 
organic matter, there is less organic and more inorganic 
matter (ash) in the fractions of higher specific gravity. 
In the two-fraction separations, the float fractions con-

tain about 2 to 4 percent inorganic matter (ash) and 
96 to 98 percent orgml.ic matter, while the si1ik frac
tions contain about 20 to 30 percent ash and 70 to 80 
percent organic matter. In multiple-fraction separa
tions, the inorganic matter is more than 50 percent in 
the sink fractions, and the organic matter less than 50 
percent. By comparing the recovery of each of the ele
ments against the recovery of organic and inorganic 
matter in each of the fractions, it is possible to ~alculate 
the degree of association of the elements with either the 
organic or. inorganic matter of the coal. In making 

'::'tf 
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the calculation the organic matter is considered .to be 
ashle.ss and all the ash content of each of the separated 
fractions is included in the inorganic matter of that 
fraction. This procedure introduces a small error 
which can be ignored. A procedure similar to this was 
used by !-:lorton and Aubrey (1950). 

Thirteen samples of coal, 12 having a specific gravity 
of 1.32 and 1 a specific gravity of 1.36, were separated 
into float and sink fractions. Two samples were 
separated .into 5 fractions and 1 sample into 3 fractions. 
The coals represent several different beds, and blocks 
taken from different parts of the beds. The recoveries 
of coal in the float fractions ranged from 10.6 percent 
to 92.7 percent. Figure 41.1 illustrates the 1nethod by 
which the degree of association with the organic phase 
of the coal wns plotted for each of the 13 samples. This 
figure shows that 60 percent of the organic and 23 per
cent of the inorganic matter of the sample \Yas recovered 
in the float fractions, while 90 percent of the organic 
and 77 perce1it of the inorganic matter was recovered 

0~~~-------------------------------L--Lo 

~.,rounE 41.1.-Association of minor elements with the organic 
and inorganic fl'lnctions of coal ; two-fraction separations. 
(Specific grn vity of fiont media is 1.32.) 

in the sink fraction. Over 60 percent of the Be, B, Ge, 
and V was found in the float fraction, and less than 40 
percent in the sink fraction. There is thus a correla
tion between these four elements and the organic mat
ter. A similar correlation was .found between Zn and 
La and the inorganic matter. The other elements have 
various degrees of correlation with the organic and 
inorganic matter. The dashed lines indicate divisions 
of 25, 50, and 75 percent correlation. 

The data for the 13 samples are summarized in table 
41.1. In several of the samples Zn, Sn, and La were 
below the limit of detection and could not be evaluated. 

TABLE 41.1.-Freq1tency of association of elements with the organic 
fractions 

[n.d. =not. determined] 

Percent Ranges for 
Element Horton and 

Aubrey (1950) 
100-75 75-50 50-25 25-0 (3 samples) 

Be ________ 8 3 1 1 75-100 
B _________ 8 2 2 1 75-100 
TL _______ 8 3 1 1 >75-100 v _________ 8 3 2 0 100 
Cr_------- 3 5 3 2 0-100 
Co ________ 2 5 5 1 >25-50 
NL _______ 4 6 0 3 o->75 
Cu ________ 1 3 3 6 25-50 
Zn ________ 0 0 0 7 0-<50 
Ga ________ 9 2 0 2 >75-100 
Ge ________ 10 2 0 1 100 
Mo _______ 1 5 3 4 50-75 
Sn ________ 1 1 1 6 0 
y _________ 5 2 2 4 n.d. 
La ______ .:._ 0 0 0 10 n.d. 

The order of decreasing association with organic mat
ter as determined from the 13 two-fraction separations 
is: Ge, Ga, V, Be, Ti, B, Ni, Cr, Co, Y, l\1o, Cu, Sn, Zn, 
and La. The first six of these elements are exactly the 
group of elements for which Horton and Aubrey (1950) 
showed the greatest degree of association with the or
ganic matter of vitrains. The elements Cr, Ni, Zn, and 
Sn also show a correspondence to Horton and Aubrey's 
data. In their report, zinc and tin show a decided asso
ciation with inorganic matter, and our results show 
that these two elements, and also lanthanum, are asso
ciated predominantly with the inorganic matter. 

Curves were drawn for percentage recovery of or
ganic and inorganic matter in each of the fractions of 
three multiple-fraction separations (fig. 41.2). Each 
_element is treated as before, and the curves for the ele
ments are compared with those for the organic and the 
inorganic matter. The degree· of similarity between 
the curves for the elements and those for the organic or 
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inorganic fractions shows the degree of associatiol1 of 
the element with either fraction. 

In sample ICY -PR-9-2 of figure 41.2, the elements 
Be, B, V, Ni, Ge, ~1o, and Ga follow closely the pat
t-erns set by the distribution of the organic fract-ion, Ti, 
Co, Sn, and La have profiles similar to the inorganic 
fraction, while Cr, Cu, andY are intermediate. In J(y
U-9-1, the elements Be, R, Ni, Ge, and Mo are pre
dominant-ly associated with organie fraction, and Cu, 
Co, Ga, andY with the inorganic, and Ti, V, and Cr are 
intermediate. In Ill-S.-5-3, the elements Be, B, Ti, 
~1o, and La. are associated with the organic fraction, Cr, 
Cu, Zn, and Y wit-h the inorganic, while V, Ni, Co, Ga, 
and Sn are intermediate. These data indicate that cer
t-ain element-s are usually associated with either the or
ganic or the inorganic matter; there are, however~ some 
deviations from this general rule. 

The dat-a reveal several interesting relations between 
element-s that are chemically simi1ar, such as Ni and Co, 
V and Cr, nnd Y and La. 1-Iirst and Nicholls (1958, p. 
478-480) suggest an association of Ni and V with the 
nondet-rit-nl and of Co and Cr with the detrital portions 
of limestones. A similar associat-ion is shown by our 
data on coal: Ni and V are more closely associated with 
the organic or nondetrit.nl fraction than Co and Cr, and 
Y shows a greater association with the organic fraction 
than La. 

It is significant that the elements whose ions are small 
and highly charged are generally associated with the 

organic fractions. In this group are Be, B, Ti, V, and 
Ge, and to a lesser extent Ga. Elements, such as Zn, 
La, and Sn, consisting of large ions, are associated with 
the inorganic fraction of coal. 'V e believe that Sn 
is reduced to the Sn+2 valence state in the reducing con
ditions of the coal swamp, 'thus putting it with the 
group consisting of la.rge ions. Of the pairs of chem
ically similar elements, such as Co-Ni and Y-La, those 
with the smaller ions (Ni and Y) generally show a 
greater association with the organic fraction than those 
with larger ions (Co and La). It is generally known 
that large charge and a small ionic radius produce 
stable organic complexes. . 

Numerous other fa'ctors are involved in the accumu
lation of minor elements in coal; these include plant ac
cumulation, the resistivity to weathering of certain 
minetals, post-depositional influences, and many others. 
One of the most important factors, however, is prob
ably the formation of metallo-organic complexes, par
ticularly at the time of coal deposition. 
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42. COMPARATIVE ABUNDANCE OF THE MINOR ELEMENTS IN COALS FROM DIFFERENT PARTS OF THE 
UNITED STATES 

By P1~T1m ZuBOVIC, TAISIA STADNICHJ<~NRO, and NoLA B. SHJ<:FFEY, ''Tashington, D.C. 

This discussion is based on spectrographic analyses of 
1,000 samples of ash from coals of the major coal-pro
ducing areas in the United States. The results of these 
ana lyses '"ere first computed as averages of columnar . 
samples of beds, and these bed averages were used to 
compute the averages for three great areas, the Northern 
Great Plains province, the Eastern Interior region, and 
the Appalachian region. (See table 42.1.) 

The coals sampled range in age from Eocene to Penn
sylvanian. l'he 46 bed samples from the Northern 
Great Pln ins province are of Eocene to Jurassic age, 35 
being of Paleocene age, 6 of Eocene, 4 of Jurassic, and 
1 of Cretaceous age. The 4 7 bed samples from the 

Eastern Int-erior region and the 65 bed samples of the 
Appalachian region are all of P,ennsylvanian age. 

The rank of the coals ranges from the lignite, sub
bituminous, and high-volatile bituminous coals of the 
Northern Great Plains province, through high-volatile 
bituminous eoals of the Eastern Interior region, to 
high-, medium-, and low-volatile bituminous coals of 
the Appalachian region. 

The averages shown in table 42.1 indicate that few of 
these minor elements are much more abundant in any 
one of t·he three great areas than in the others. The 
Northern Great Plains coal is highest in B, Ti, Zn,. Ga, 
and La, and this area and the Appalachian region are 
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highest in Cu. The Eastern Interior region is highest 
in V, Cr, Ni, Ge, l\1o, and shares the highest figure for 
Be with the Appalachian region. The Appalachian re
gion is highest in Co andY, one of the two highest in Be 
and Cu, and close to the highest in Ni, Ga, and La. It is 
strikingly poor in B a.nd Zn, which have a much wider 
range of abundance tha.n any of the other elements. 
This general similarity of abundance in regions whose 
coals differ widely in age suggests that the total amount 
of each inorganic element (except B and Zn) associated 
with the coal substance was in general fairly constant. 

TABLE 42.1.-Average content of each minor element in coals from 
three .major coal producing areas of the United States 

Elements 

Be ___________ 
B ____________ 
TL __________ 
v ____________ 
Cr ___________ 
Co ___________ 
Ni_ __________ 
Cu __________ 
Zn ___________ 
Ga __________ 
Ge ___________ 

Mo~---------
Sn _______ .:. ___ 
y ___________ 
La ___________ 

[Parts per million in coal] 

Northern Great· 
Plains province 
(avg. of 46 bed 

samples) 

1. 5 
116 
590 

16 
7 
2. 7 
7. 2 

15 
59 

5. 5 
1. 6 
1. 7 

9 
13 

9. 5 

Eastern Interior 
.. region (avg. of 47 

qed samples) 

2. 5 
96 

450 
35 
20 

3. 8 
15 
11 
44 

4. 1 
13 

4. 3 
1. 5 
7. 7 
5. 1 

Appalachian region 
(avg. of 65 bed 

samples) 

C) 5 .:... 

25 
340 

21 
13 

5. 1 
14 
15 

7. 6 
4. 9 
.5. 8 
3.·5· 
.4 

14 
9. 4 

The element most uniformly distributed among the 
three main areas is gallium. Copper and beryllium are 
next in the uniformity of their distribution. The aver-

.. age ·for .copper in the Eastern Interior. region :is sur
prisingly low; it is lower than in either of the other two 
.ar:eas, although there is copper mineralization north of 
the region·, in areas from which some of the sediments in 
the basin were derived. The somewhat higher beryl
lium content of the Eastern Interior and the Appala
chian coals can be related to the sedimentary sources of 
the two areas. This aspect is discussed in detail in a 
report by the authors now in preparation. Tin and · 
zinc are not considered because they were found in only 
about 25 percent of the analyses. The metals for which 
the averages differ most widely among the three areas 
are germanium and boron. Nickel is in its expected 
order, and is highest in the Eastern Interior region. 
Cobalt averages highest in the Appa-lachian coals; in 
the northern part of that region the bed averages are 

about the same as in the Eastern Interior region, and 
in the southern part they are higher. Cobalt minerali
zation has occurred at many places in the southern 
Appalachians, and the high average for cobalt in the 
coal of that region may be related to this mineraliza
tion. vV e do not mean to imply that a high proportion 
of an element in coal is everywhere due to erosion of 
mineralized rocks; in some areas it may indicate that 
the coal is in a geochemical province in which the rocks 
contain that element in more than average abundance. 
In such areas the metal may have been freed by ero
sion of the common country rocks rather than of rocks 
or veins in which the metal has been concentrated by 
secondary processes. 

The·differences in germanium and molybdenum con
tents between the coals of the three areas cannot yet be 
explained. In all three ai·eas, the content of boron and 
titanium is about inversely ptoportional to the rank 
of the coal, being lowest in the highest grade coals. 
Boron, which fo:rms organic esters, could easily be lost 
as a result of the .metamorphism of coals; whether the 
same is true for titanium is uncertaii1. The relatively 
high boron content of the coals in the Northern Great 
Plains province could be clue to the character of the 
sedimentary rocks in that province. It is generally 
known that the Fort Union sediments are chiefly de
rived from volcanic rocks. Large amounts of bentonitic 
material are intercalated also with those sediments in
dicatil1g conte.mporaneous volcanism, which might well 
have produced considerable quantities of volatile mat
ter containing large amounts of boron, some of which 
could have become incorporated in the coal. Boron is 
also relatively abundant, on the average, in the coals 
of the Eastern Interior region, but its origin in this re
gion is hard to explain. · 

The two chemically similar elements yttrium and 
lanthanum are twice· as abundant in some areas as in 
others, but the ratio between then1 is remarkably con
stant; the highest average content being less than 7 
percent above the lowest. It is abmit 1.5 and 1.4 in the 
coals, as compared with 1.6 in the earth's crust. These 
figures suggest that the two elements were weathered 
out, transported, and incorporated in the coal at nearly 
the same rate. 

The distribution of minor elements taken collectively 
among the three areas is relatively uniform. Boron 
content and perhaps titanium content may depend on 
the degree of metamorphism of the coal. In general, 
however, the quantity of any minor element in a coal 
appears to have been controlled by the availability of 
that element to the swamp in which the coal was formed. 
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EXPLORATION AND MAPPING TECHNIQUES 

43. FIELD APPLICATION OF ION-EXCHANGE RESINS IN HYDROGEOCHEMICAL PROSPECTING 

By F. C. CANNEY and D. B. HAwKINs, Denver, Colo. 

The resin-collection technique developed by the Geo
logical Survey for use in hydrogeochemical prospecting 
was first used successfully in northwestern Maine in 
1958 to determine coppe.r, lead, zinc, cobalt, and nickel 
in the barren surface waters, which usually contain only 
2·5 to 50 pa.rts per million total dissolved solids. 

Conventional methods of conducting geochemical 
water surveys require either (a) that heavy and bulky 
water samples be collected and shipped to a laboratory 
for analysis, or (b) that the bulk water be analyzed di
rectly in the field with a chemical kit. Procedure (a) 
is relatively inefficient, and may entail a loss of trace 
metals from solution before analysis. Procedure (b) 
is free from these disadvantages, but few of the avail
able field methods of analysis are sufficiently sensitive 
:for direct use. It is partly for these reasons that few 
geochemical wa.ter surveys have been made in recent 
years. 

Synthetic ion-exchange resins became available 
shortly after vVorld vVar II. Because of their ability 
to collect ions from very dilute aqueous solutions, 
coupled with the ease by which these ions can be re
leased and concentrated in a small volume of eluant, 
many investigators have speculated on the possible use
fulness of such resins in hydrogeochemical prospecting 
surveys. ICunin ( 1958, p. 262) suggested the feasibility 
of preparing resins in the form of cartridge columns 
which could be taken to the field and used to concen
trate the ionic constituents in a water sample, and Rid
dell (in press) mentions the use of ion-exchange resins 
placed in waterways for fixed time intervals. The 
work of Nydn,hl (1950), who described the use of ion
exchange resins to collect elements of biological interest 
from lake water, was of considerable help to us in work
ing out the technique described in this paper. 

This technique consists, in brief, of using a plastic 
tube packed with a resin known commercially as IR-
120 to collect the metals from a water sample, at the 
sample site, by allowing a known volume of water to 
percolate through the resin a.t a controlled rate. No 
a.pparatus other tha.n this light and durable tube need 
be taken to the field or base laboratory, where the sorbed 
metals are easily eluted. The eluant, in which the 
metals of interest are much more highly concentrated 

5577'53 0-60-7 

than in the bulk water, can there be analyzed by con
ventional field or laboratory methods. The apparatus 
used for collecting and elution is shown in figure 43.1 

Some of the more important f<.tctors in successful use 
of resins in geochemical water surveys are enumerated 
below. These rema.rks apply specifically to the collec
tion of copper, lead, zinc, cobalt, and nickeL Any at
tempt to apply this technique to other elements should 
be preceded by experimental work on solutions of known 
metal content. 

1. Pu'rification of the I R-120 1··esin.-This 1s ac
complished by a.lternately soaking the resin Ill 6N 

A 

0 
0 

0 

0 

Collection 

F 

B 

B 

G H 

Elution 

Not to scale 

},IGURE 43.1.-Collection and elution apparatus. A., polyethy
lene bottle, 1-gallon size, for holding water sample; B, plastic 
tubing; C, glass wool plug, pyrex ; D, screw-clamp; E, resin 
cartridge consisting of a 6-inch polyethylene drying tube (25 
ml vol) packed with resin (IR-120, -20 to +50 mesh size) ; 
Ji', glass funnel; G, glass U-tube; H, volumetric flask, 100-ml 
capacity. 
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hydrochloric acid and washing it in metal-free water 
until satisfactory blanks are obtained for iron and. zinc. 
Zinc is the most difficult element to eliminate. 

~- Preparation of the cartridge.-The resin cartridge 
is prepared by pouring a slurry of the purified resin 
onto a plug of glass wool in the bottom of the poly
ethylene tube; a similar plug is then placed over the 
resin. The resin should not be allowed to drain dry, 
for doing this will allow air bubbles to enter the cart
ridge and interfere in the collection step. 

3. Oollection.-The pH of the water sample should 
be checked, and then adjusted if necessary with hydro
chloric acid or ammonium hydroxide until it is be
tween 6.5 and 7.5. A flow rate through the column of 
about 100 ml per minute gives a recovery satisfactory 
for most geochemical prospecting investigations. After 
the wate~-sample bottle is attached to the cartridge, the . 
top screw clamp should be opened first, and then the 
bottom clamp. 

4. Ehttion.-The metals are eluted by passing 20 ml 
of 2N hydrochloric acid, and then 80 ml of demineral
ized water, through the column. An upflow technique 
should be used, as shown in figure 43.1, and the direction 
of flow through the resin ca.rtridge should be opposite 
to that used in the collection step. A flow rate of 1 
ml per minute is satisfactory. Precautions should be 
taken to prevent air bubbles entering the column when 
the elution process is started. 

When 1-gallon samples are passed through the col
umn an enrichment factor of 38 is obtained. If field 
colorimetric methods are used to analyze the eluant, 
their detection limits, expressed in terms of the conQen
tration in bulk water, are about as follows : 

Concentration 
Metal (micrograms per liter) cu _____________________________________________ 0.2 

Pb----------------~---------------------------- 1 

Concentration 
MetaZ (micrograms per liter) 

Zn--------------------------------------------- 1 Co _____________________________________________ 0.5 

Ni--------------------------------------------- 0.5 

These detection limits can be lowered considerably by 
increasing the volume of the sample. 

As a measure of the effectiveness of this technique to 
recover metals under field conditions, zinc was de
termined directly on 6 bulk waters, and the values 
compared with those obtained with the resin tech
nique. That the agreement was satisfactory is shown 
by the following comparative data. 

Zinc content, in microgra1ns per liter 

Direct Resin 
analysis collection 

4 5 
3 4 
2 2 
8 9 
6 6 
2 2 

Major advantages of this resin-collection technique, 
which should appeal to investigators in the field of 
hydrogeochemical prospecting, are these: it is more 
sensitive than other methods; it eliminates the shipping 
of bulky water samples; and it prevents the loss of trace 
constituents from solution that may occur with other 
methods. 
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44. GEOCHEMICAL PROSPECTING FOR BERYLLIUM 

By WALLACE R. GRIFFITTS and U. OoA, Denver, Colo. 

A major problem in prospecting for nonpegmatitic 
deposits of beryllium is to determine by some inexpen
sive reconnaissance method what districts are most 
worthy of further work. Random sampling or inspec
tion of outcrops is time-consuming and is likely to be 
ineffective, for beryllium minerals in tactite, greisen, 
and granite generally have a spotty distribution, and 

veins containing beryl and bertrandite are commonly 
·friable and readily broken down into fine rubble or soil. 

Searching alluvium for traces of valuable minerals 
has long been an important technique in reconna.issance 
prospecting because a sample of alluvium from a small 
stream may roughly indicate the composition of the 
rocks exposed in the drainage basin. This technique 
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is very useful in seeking heavy minerals, such as gold, 
wolfrrun'ite, or cassiterite, because they are concen
tl·ated in the alluvium. Unfo'rtunately, however, the 
common beryllimn minerals are too light to be concen
tl·ated readily and are difficult to recognize: their pres
ence, therefore, must be inferred fron1 the relatively 
high beryllium content of alluvium that contains them. 
The concentration of beryllium in n1ost alluvimn is less 
tluw. 5 ppm ( 5 pa.rts per million or 0.0005 percent), so 
that a. few fragments of a beryllium mineral will in
crease the te1wr of n. sa.mple by an amount readily de
tectable by rapid spectrogrn,phic or fluorimetric 
analyses. 

vVe luwe made fairly thorough studies of alluvium in 
the beryllium districts near Lake George, Colo., a.t Iron 
Mountn.in, N. :M:ex., n.nd in the Sheeprock Range, Utah; 
less thorough studies in other places confirm the con
clusions reached in those three districts. V. Venkatesh 
and Y. G. IC ~{urty of the Geological Survey of India 
worked with us in the Lake George and Iron Mountain 
areas respectively. 

Most of the beryl- and bertrandite-bearing veins in 
the Lake George area are in a broad intermontn,ne valley 
underlain by schist and gneiss that are deeply covered 
with soils. The mountains at the eastern edge of the 
valley are lmderlain by granite of the Pikes Peak batho
lith. The soils and alluvium derived from the meta
morphic rocks contain 2 to 3 ppm of Be; those derived 
from the granite may contain as much as 10 ppm. Near 
the beryllium-rich parts of veins, which weather 
readily, alluvium n1ay contain as much as 20 ppm of 
Be. Figure 44.1 shows the increase in beryllium con
tent of a..lluvin.l samples from a wash that flows eastward 

·past the veins in and near the Boomer mine. 
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~.,IOUttE 44.1.-Beryllium content of alluvium in wash south of 
Boomer mine. 

In the Iron ~fountain district, New Mexico, tactite 
has replaced limestone of the Magdalena group near 
intrusive masses of fine-grained monzonite, granite, 
and porphyritic rhyolite. I-Ielvite occurs near the 

north end of the largest mass of tactite, but most of the 
known localities are in smaller masses west of the ridge 
crest. Samples of alluvium taken from washes and 
near the mountain front eontain no more than 2 ppm 
of Be south of the area of figure 44.2. Nearer the min
eralized rocks the beryllimn content of similar alluvium 
samples is higher, reaehing a maximum in the "·ashes 
that drain the known helvite-bearing rocks in the N''r 
quarter of section 2 (see figure 44.2). The low beryl
limn content of most alluvial samples taken east of the 
crest reflects the absence of known helvite occurrences 
in most of t.he large t.actite mass. The two washes east 
of the ridge crest that yield the richest samples-with 
ao and 100 ppm-drain the only known helvite-bearing 
rocks east of the divide. The two soil samples taken 
at the north end of the· mountain indicate that the layer 
of tactite exposed there can account for the 30 ppm of 
Be found in the alluvium to the west. Samples of 
residual soil taken along several traverses in section 2 
show anomalous beryllium content immediately above 
and downhill from metallized tactite layers. 

The northwesterly-trending Sheeprock Range, near 
Eureka, Utah, is flanked by dese1i, basins that contain 
Quaternary and older alluvium and volcanic rocks. 
The range consists mainly of Precambrian and Paleo
zoic sedimentary rocks, but a stoek of granite extends 
about six miles along the range. Soils are poorly de
veloped over this granite. Near the center of the stock 
clusters of blue beryl crystals are embedded in appar
ently unaltered granite. Beryl-free granite between 
the clusters of beryl e.rystals in this eentral area con
tains 10 to 15 ppm of Be, whereas granite from other 
parts of the stock generally contains less than 10 ppm. 
The coarser (over 200-mesh) fractions of alluvium 
contain more beryllium over the beryllium-rich granite 
than elsewhere, but the finer fraetion contains a rather 
uniform 2 to 5 ppm in most places sampled over the 
stock. 

Analysis of alluvium is an efJ:ective way to find dis
tricts in which beryllium-rich rocks crop out, and it is 
relatively economical, because taking and analyzing 
samples in a district of ordinary size requires about 
two man-weeks. In general, any district should be 
considered favorable if it yields samples e.ontaining 10 
ppm or more of Be, but even values between 5 ppm and 
10 ppm may be promising in samples taken from geo
logically favorable places. Analyses of residual soils 
can be used to find individual bodies of beryllium-rich 
rock, in the same way that float has long been used in 
finding veins. 
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45. VARIATIONS IN BASE-METAL CONTENTS OF MONZONITIC INTRUSIVES 

By WALLACE R. GRIFFI'ITS and H. M. NAKAGAWA, Denver, Colo. 

Marked differences in the base-metal content of ap
parently unaltered igneous rocks from many mining 
districts in the 'i\Testern United States cannot be 
ascribed entirely to magmatic, deuteric, or early post
magmatic processes. The metals were largely intro
duced into the rocks and were sorbed by the surfaces of 
dark minerals, without inducing any alteration that is 
recognizable either in outcrops or in thin sections. The 
metals can in large part be removed from the rocks 
with very dilute acid. In most districts the content of 
introduced metal increases toward major centers of 
mineralization, giving rise to broad hypogene geo
chemical anomalies that may extend as much as a mile 
from the center. Such anomalies are well developed in 
districts characterized by mesothermal ores containing 
dark sphalerite, pyrite, galena, copper sulfides, and 
carbonates, but are poorly developed in districts with 
epithermal-type gold or silver ores, even though they 
contain copper, zinc, and lead minerals. Zinc is par
ticularly mobile, and foi·ms anomalies that are larger 
than those of most other metals. Copper and manga
nese nlso form notable anomalies, but those of lead 
are slight and of small extent. 

In some districts introduced metals are not most 
abundant near known centers of mineralization. In 
the Jamestown district of Colorado, for example, a 
prominent copper anomaly (fig. 45.1) and a nearly 
congruent zinc anomaly (not shown) have no appar
ent spatial relation to groups of fluorite, gold, or silver 
veins. The highest concentrations of metal are in mon-

zonite along the western edge of the stock; they are 
not near any known ore deposits and presumably 
were due to deposition from solutions that moved 
along or near the contact. ~{ost of the anomalous 
metal is affixed to augite, hornblende, biotite, and 
sphene; pyrite, which occurs in trace amounts in the 
monzonite, was altered to sulfides of zinc and copper 
in the metal-rich rocks. 

The wide range in metal content within an indi
vidual stock, as shown at Jamestown, indicates· that 
neither the average metal content of the monzonite nor 
its pre-mineralization metal content can be determined 
accurately from a sma.ll number of samples. Samples 
must be . collected from sufficiently numerous and 
widely distributed localities to ensure that both metal
rich and metal-poor parts of the stock are adequately 
represented. In some districts the metal content of 
unmineralized or only slightly mineralized rocks var
ies widely (table 45.1). This suggests that some miner
~lized rocks were probably included in the table; if 
so, the averages are too high. 

The high copper and zinc content of igneous rocks 
around ore deposits of those metals is probably due to 
leakage from the deposits during mineralization, rather 
than to an originally high metal content of the parent 
magma. The total metal contents therefore tell little 
about the relationship between magmas and ores. Some 
metallogenic provinces, however, may be related to large 
bodies of monzonite whose original base-metal content 
was exceptionally high. 

TABLE 45.1.-Metal contents of monzonitic rocks from Western United States. 

[Colorlmetl'lc analyses by H. M. Nakagawa, A. P. Marmnzlno, and H. L. Neiman except where there is an asterisk (*)after the district name. Asterisks Indicate spectro· 
graphic analyses by U. Oda and E. F. Cooley. ? Indicates uncertainty In mean, usually because there were many samples in which the metal :was not detected. Feld
spar proportions or all the rocks correspond to those of monzonites or quartz monzonites; rock names in parentheses were applied by other workers.] 

Metal content, in parts per million 

Source of sample Copper Lead Zinc 
Number of 

Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum 
samples 

Colorado: 
James town district_ _______________ 13 46 80 11 17 28 20 71 95 27 
W u.rd areu. ________________________ 5 9 12 24 34 50 65 95 110 15 
Albion stock ______________________ 5 28 85 10 16 36 26 70 110 19 
Caribou district_ __________________ 8 17 48 13 17 24 50 79 120 12 
Empire district ____________________ 6 10 15 13 35 70 60 120 190 15 
Montezuma stock _________________ 4 16 50 15 17 24 10 37 80 19 
Breckenridge district: 

Swan Mountain _______________ 4 9 24 10 31 65 28 61 130 50 
Bald Mountain _______________ 7 14 110 8 22 50 65 110 190 24 
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TABLE 45.1.-Metal contents of monzonitic rocks from Western United States-Continued 

Metal content, in parts per million 

Source of sample Copper Lead Zinc 
Numoorof 

Minimum Mean Maximum Minimum Mean Maximum Minimum Mean Maximum 
samples 

New Mexico: 
Cook Mountain ___________________ 22 26 30 12 15 20 65 74 85 5 
Santa Rita (granodiorite) ___________ 5 8 14 17 28 36 65 109 220 5 
Hanover (granodiorite) _____________ 5 26 55 6 9 14 28 58 120 8 
Black Range ______________________ 13 20 30 7 11 14 65 83 95 6 
Iron Mountain*------------------- <5 5 10 15 33 100 -------- ------ <200 9 

Arizona: 
Cochise County: 

Schieffelin granodiorite _________ 18 25 42 11 13 16 44 53 70 5 
Uncle Sam porphyry ___________ 5 10 42 7 16 20 48 54 80 22 
Cochise Peak quartz monzonite_ 14 15 19 14 17 20 32 37 40 3 
Gleason quartz monzonite ______ 5 7 10 7 13 28 10 29 60 8 

Bagdad district, stocks __________ - __ 5 22 40 8 18 60 10 54 130 8 
Bagdad district, dikes ______________ 7 18 55 5 22 120 10 77 130 19 
Christmas district _________________ 60 70 80 6 10 11 16 30 48 5 
Superior district ____ - ______________ 6 15 20 8 9 12 70 80 85 4 

Utah: 
Frisco district, Estelle area ______ - __ 20 36 70 12 16 22 55 68 90 13 
Frisco district, Copper Canyon area*_ 50 75 100 <10 <10 20 -------- ------ <200 5 
Stockton area*-------------------- 3 26 75 <10 19 50 -------- ------ <200 7 
Deep Creek Range (granite) ________ <1 1? 3 20 27 34 22 42 60 11 
Gold Hill district __________________ 6 25 ~ 34 14 29 42 38 54 75 7 
West Tintic district ________________ 3 9 14 16 19 20 40 55 80 5 
Sheeprock Range (granite) _______ - __ <1 3 10 19 29 90 14 32 85 64 
Desert Mountain ___ - ______________ <1 2? 12 24 26 28 6 33 60 8 
Mineral Range ____________________ <1 <1 <1 16 19 22 22 31 50 3 
Cedar City district, Stoddard Moun-

tain ____________________________ 8 37 70 18 24 38 65 75 130 53 
Nevada: 

Cortez quadrangle, stock ________ -_- <2 7 22 15 25 34 12 36 60 25 
Carlin quadrangle* ________________ 30 80 150 10 10 10 -------- ------ <200 3 
Austin area _______ -- _______ -_----- 4 7 20 19 25 40 10 47 70 26 
Gabbs area* ______________________ <1 13 50 10 11 75 -------- ------ <200 5 
Unionville quadrangle, Rocky Can-

yon area _______________________ 5 8 10 20 26 36 16 41 60 7 
Average ______________________ 

-------- 24 -------- -------- 19 -------- -------- 63 -------- --------
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46. GEOCHEMISTRY OF SANDSTONES. AND RELATED VEGETATION IN THE YELLOW CAT AREA OF THE 
THOMPSON DISTRICT, GRAND COUNTY, UTAH 

By HELEN L. CANNON, Denver, Colo. 

Work done in cooveration with U.S. Atomic Energy Commission 

Oxidized ore bodies and the surrounding sandstone 
in the Yellow Cat area of the Thompson district were 
studied to establish what other elements are concen
ti·ated with uranium and vanadium in the ore deposits, 
to determine the geochemical behavior of these elements 
during weathering, and to decide whether selenium, 
molybdenum, or some other metal could be used as a 
pathfinder element in prospecting for uranium-va
nadium deposits. 

GEOCHEMISTRY OF HOST ROCKS 

The distribution of metals in the Salt Wash sand
stone member of the Morrison formation, in which the 
ores of the Yellow Cat area occur, is shown in table 
46.1. The mean percentages of metals given in columns 
2-5 were computed from analyses of channel samples 
taken for this purpose through 13 ore bodies and the 

TAnr"E 46.1.-Distribtttion of selected elements (parts per mil
lion) in sandstones of the Salt Wash member of the Morrison 
fm·mation 

Colorado Yell ow Cat area 
Plateau 

1 2 3 4 5 6 . 
Element Unmineralized Unminer- Mineral- Ores Ratio ore/ 

rocks • (<40 U) alizcd ized rocks (>84 U) unmincral-
rocks (40-84 U) ized rocks 

(<40 U) 

u __________ 2 13 183 3, 800 292 s __________ - 430 1, 400 7, 300 17 
y __________ 18 578 1, 280 9, 510 16 
Se _____ . ____ <O. 5-8 <14 51 190 >13. 5 
As _________ <15 32 100 417 13 
Mo ________ <7 <8 41 100 >12. 5 
NL_------- <. 7 <5 23 35 >7 
Co _________ 7 <8 45 59 >6. 5 
Pb _________ <2 <12 11 52 >4. 5. 
Cu..: ________ 20 7 9 23 3. 3 
Ag ____ ----- "'· 5 <1 <. 6 3. 5 >3. 5 
Zn _________ 

<30 <89 <71 228 . >2. 6 
Fe _________ 3, 000 15,000 19, 000 28, 000 1.8 
Cr _________ 9 73 76 107 1. 4 
Mn ________ 380 496 338 292 . 59 
CaCOa- ____ 180, 000 71, 000 46, 000 30, 700 .4 

l 

1 Arithmetic means compiled from data presented by Newman 
(1957) and by Shoemaker and others (1959). 

surrounding sandstones. The samples were divided 
into unmineralized, mineralized, and ore categories ac
cording to grade cutoffs commonly used for Colorado 
Plateau ores. The contents of sulfur, selenium, arsenic, 
and molybdenum were found to be more than 10 times 
greater in the uranium-vanadium ore bodies than in the 
enclosing sandstones and these elements were assumed 
to be an intrinsic part of the ore. The same elements 
were also distinctly more abundant in the sandstones 
surrounding the ore bodies (columns 3 and 4) than 
Newman (1957) and Shoemaker and others (1959) later 
:found them' to be in more distant country rock (column 
1). In other words, each ore body is enveloped by a 
geochemical halo of these metals, which enlarges the 
target for prospecting. 

Special studies were made of an open pit where ore 
occurred at a depth of 44 feet. Selenium and molyb
denum were found to be concentrated to a greater de
gree in the partially mineralized sandstone just above 
the ore than in the ore itself, and anomalous values of 
uranium, arsenic, and vanadium were also found in the 
sandstones and mudstones for varying distances above 
the ore. All these elements, therefore, were considered 
potentially useful in prospecting by plant· analysis. 

PROSPECTING BY PLANT ANALYSIS 

Because surface waters and residual soil cover are 
lacking in the Yell ow Cat area, its vegetation was in
vestigated as a prospecting medium. Differences in 
absorption of uranium, vanadium, and molybdenum by 
three classes of vegetation are shown in table 46.2. A]] 
species of plants rooted in mineralized ground were 
found to contain concentrations of uranium, vanadium, 
selenium, and molybdenum sufficiently high to be t1sefu1 
in prospecting. The· ratio of uranium, however, in 
plants growing on mineralized ground ( m) to that in 
plants growing on unmineralized ground ( unm) was 
greater than for any other element. As the urani urn 
content in the leaves and end branches of trees and deep
rooted perennial shrubs was found to be consistent, 
several hundred samples of juniper and shadscale 
(Atriplew confe'rtifolia) were collected and analyzed 
fluorimetrically; the limit of sensitivity of the method 
is 0.3 ppm uranium in the ash. On unmineralized 
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TAnLJ<J 46.2.-Uranimn, vanadium, and molybdenum content in 
ve(fetat-ion of the Yellow Cat a·rea 

Uranium Vanadium Molybdenum 

Clnsscs of vegetation 
Mean rnt.io mean ratio mean ratio 
(ppm) mfunm (ppm) mfunm (ppm) m/unm 

---------·1------------------
a msses - - - - - - - - - - - - - - - - - 6. 1 - - - - - - 3. 3 - - - - - - 1. 3 

On unminemlized 
ground ________ 5. 7 ------ 40 25 

On minemlized 
ground ________ 35.0 ------ 135 32 

Other herbs (includ-
ing Se indica-

of selenium as they were long known to be, but of 
uranium, vanadium, and molybdenum as well, and that 
their distribution correlates more consistently than that 
of any of the other plants listed with mineralized 
ground. 

TAllLE 46.3.-Plants favm·ed by mineralized groumiJ in Yellow 
Oat a·rea 

[Asterisk== selenium-indicator plants] 
Grasses: *Oryzops·is hymenoides (ricegrass) 

Stipa comata (needleandthread) 

tors) __________ ------ 11. 0. ------ 5. 3 ------

Lily family: Oalochortus nutalli ( Sego lily) 
Allium~ acuminatu,m (onion) 
ZigadenttS gramineu.s ( deathcamas) 

3. 7 Buckwheat family:· Eriogonmn inftatmn ( deserttrumpet) 
On unminemlized Legume family : • Astragalus pattet·soni (Patterson loco) 

ground ________ 1.9 ------ 36 ------ 42 
On Jninemlizecl 

• Ast'ragaltts preussi (Preuss loco) 
• Astt·agalus thmnpsonae (Thompson loco) 

ground ________ 21. 0 ------ 191 ------ 155 • Astragalus contertiftonts (blue loco) 
Trees and shrubs ___ ------ 9. 8 ------ 2. 6 ------ 3. 6 Borage family: Oryptantha flava (cryptanthe) 

On unminemlized 
ground ________ .9 19. 8 14. 2 

On mineralized 
ground ________ 8. 7 51 36. 5 

ground the content was generally around 0.5 ppm, 
whereas on mineralized ground it was commonly 
greater than 2 ppm. Both juniper and shadscale con
tn.ined anomalous amounts of uranium where the ore 
was less than 35 feet beneath the surface; where the ore 
lay at greater depths the water-loving juniper con
tinued to be an effective guide ·but the shallow-rooted 
xerophytic shadscale failed to indicate any mineraliza
t.ion. Ore has since been mined from areas outlined by 
analysis of both juniper and shadscale. 

PROSPECTING BY INDICATOR PLANTS 

Near the uranium deposits there is an excess of 
metals, increased radioactivity, and a local change in 
pl-I, and the environment is consequently favorable for 
the growth of certain indicator plants listed in table 
46.3. The selenium indicator plants starred ·in that 
table were selected as being the best mappable indi
cators of ore deposits. It was found that Ast1·aga1Jus 
JJattetrsoni, a white-flowered poisonvetch, and Astrag~a
lus 1n·e'U8si, a purple species, are accumulators not only 

Sunflower family: Gr·indelia. squ.m-rosa (gumweed) 
*Townsendia incan.a ( townsendia) 
Aplopappus armeriodes (goldenweed) 
Senecio Z.ongilobus (g:'-'oundsel) 
*Aster venu.stus (woody aster) 

By comparison of the indicator plant data with drill
ing results in the Yellow Cat area, it was found that 
plant mapping indicated 81 percent of the mineralized 
ground less than 32 feet below the surface, and 42 per
cent of the mineralized ground lying at depths between 
82 and 170 feet. For mineralized ground at depths 
exceeding 170 feet, the ratio dropped abruptly to 16 
percent, or about the same as on barren ground. Sev
eral ore bodies were found by means of plants in areas 
that had been believed from geologic evidence to be 
unfavorable for finding ore. 
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47. GEOCHEMICAL PROSPECTING FOR COPPER IN THE ROCKY RANGE, BEAVER COUNTY, UTAH 

By R. L. ERICKSON and A. P. MARRANZINO, Denver, Colo. 

The distribution of copper in transported alluvium 
on a pediment of the Rocky Range, Beaver County, 
Utah, was studied to determine whether known copper 
deposits in bedrock concealed by alluvium could be 
detected by geochemical methods. The principal prob
lem in these studies is to distinguish between metal 
anomalies caused by detrital minerals, washed down
slope from mineralized outcrops, and anomalies caused 
by metals carried upward in solution from underlying 
rock and precipitated in the alluvium. The part of the 
Rocky Range pediment investigated in this study is in 
sec. 22, T. 27 S., R. 11 ,V., northwest of the Old Hickory 
copper mine, and separates the southern tip of the 
range from its main body. The rocks exposed upslope 
from this pediment include quartzite, marble, hornfels, 
and skarn that are intruded by medium- to coarse
grained quartz monzonite; they strike about N. 45° W., 
dip steeply northeastward, and can be projected across 
the pediment to similar outcrops in the southern tip of 
the range. 

Most of the copper· deposits in the Rocky Range are 
tabular replacement pods composed of magnetite, 
chalcopyrite, garnet, and diopside, that occur in skarn 
near the contact with quartz monzonite. The con
cealed copper deposit in the mapped area occurs at 
depths ranging from 20 to 225 feet in a skarn zone that 
dips steeply northeast. The thickness of the alluvium 
over the deposit ranges from 6 to 72 feet. 

The area was mapped on a scale of 1 : 1,200 to show 
the distribution of copper in alluvium in relation to 

· topography, drainage, geology, and location of core 
holes in mineralized rock. Samples of alluvium were 
co1lected on the pediment on approximately 100-foot 
centers and at a depth of 8 to 12 inches. At this depth 
cobbles and pebbles in the alluvium are coated with 
caliche. The term "caliche" as here used is restricted 
to calcareous material precipitated in the zone of 
weathering, probably by evaporation of water. 

The copper content of the minus-80-mesh fraction of 
the alluvial soil, determined by adding 2-2' biquinoline 
in an isoamyl alcohol extract to the solution obtained 
by fusing the sample with potassium pyrosulfate, pow
dering the melt, and leaching the melt with dilute HCl 
(Almond, 1955), is highest in samples from the drain
age systems in the eastern and western parts of the 

mapped area, and has no apparent spatial relation to 
the core holes in mineralized rock (fig. 47.1). These 
copper ·"highs" are caused by the concentration of 
detrital copper minerals that have been washed from old 
prospect pits and mines downslope into the drainage. 
The small "highs" near the center of the mapped area 
may come from accumulations of detrital copper min
erals derived 'from the underlying mineralized skarn. 

In an attempt to distinguish between the copper con
tributed by detrital minerals and the copper transported 
in solution, the white to light-gray and the light-gray
ish-brown caliche coatings on pebbles and cobbles in the 
alluvium were removed and analyzed for copper. If 
caliche is a chemical precipitate formed by evaporation 
of water, the composition of caliche must closely reflect 
the composition of the water from which the caliche 
was precipitated. Copper was determined by adding 
2-2' biquinoline, in an isoamyl alcohol extract, to the 
solution obtained by leaching powdered caliche with hot 
6N HCL Figure 47.2 shows that the largest "highs" 
of copper in caliche, as thus determined, occur near the 
known concealed copper deposit, whereas the "highs" 
that can be ascribed to detrital copper are compara
tively small. 

Within the area having the highest concentration 
of copper in caliche, the caliche coatings contain more 
copper than the alluvium, whereas in most of the re
mainder of the mapped area the alluvial soil contains 
more copper than the caliche (fig. 4 7.3). The most 
significant features shown on this map are these: (a) 
all the core holes in mineralized rock occur within the 
area in which the ratio of copper in caliche to copper 
in alluvium is one or greater, and (b) the strong 
detrital-copper "highs" (fig. 47.1) are eliminated. 
This suggests that the copper in caliche and ratio 
"highs" were not derived from detrital copper minerals, 
but from upward moving water that leached copper 
from a restricted bedrock source below the pediment. 
This source is probably the known copper deposit that 
underlies tl~e caliche that is comparatively rich in 
copper. 
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FIGURE 47.3.-l\Iap showing ratio of copper in caliche to copper in alluvium on a pediment in the Rocky Range, Beaver County, Utah. 
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48. SOIL AND· PLANT SAMPLING AT THE MAHONEY CREEK LEAD-ZINC DEPOSIT, REVILLAGIGEDO ISLAND, 
SOUTHEASTERN ALASKA 

By HANSFORD T. SHACKLETTE, Georgetown, I\:y. 

The Mahoney Creek deposit is a vein of sphalerite 
and galena in black slate. The vein and country rock 
are covered with talus, soil, and vegetation, but the 
vein is exposed at the surface in a number of explora
tion pits. A base line was established along and par
allel to the vein, and five traverse lines were laid out 
to cross the base line at or near the exploration pits 
(fig. 48.1). Sample sites on the traverses were spaced 
30 to 40 feet ~-.,part; soil and plant samples were col.: 
lected at each $ite and analyzed for lead and zinc con
tent. Most of the soil samples were taken from the 
upper part of the C Horizon; which consists of finely 
divided inorganic mate~ria.I lying on the talus blocks; 
where this material was absent, the gley portion of the 
lowest part of the B Horizon was collected. 

For the purpose of making comparisons the samples 
were divided into three groups: (a.) those collected. on 
or near the pase line, which approximated the vein sub
outcrop, designated "vein" samples; (b) those collected 
at sites on either side of the vein samples, designated 

· "halo" samples; and (c) those collected frmn sites more 
remote from the vein than the "halo" samples, desig
nated "background" samples. Mean percentages of 
lead and zinc with their standard deviation and stand-

ard error were computed for each plant species in each 
of the three sample groups. These values are pre
sented in table 48.1, in addition to mean values for a:l1 
Alaskan samples of these same plant species for the 
two elements. Table 48 2 presents a comparison of 
mean lead and zinc percentages in all plant species 
sampled and in ail soil samples in the Mahoney Creek 
area. 

It is apparent that a close correlation exists between 
the relative "background," "halo," and "vein" values of 
·COrresponding plant and soil samples, and that both 
classes of samples accurately reflect the known location 
of the mineral vein. If anomalous v~-.,]ues are held to 
be those approximately twice background values, most 
of the plant species show "plus" anomalous concentra
tions of both lead and zinc over the vein. Two species 
of plants (western hemlock and saJal) show "minus" 
anomalous concentrations in lead over the vein. This 
may indicate that the maximum toxicity tolerance of 
these two species for this element has been exceeded by 
the very high lead concentration in the soil over the 
vein, or that other chemical or physical differences as
sociated with the vein have caused the amount of lead 
accumulated in the stems to be less than that in the 

EXPLANATION 

• "Vein" sample site 

Q "Halo" sample site 

'/.. "Background" sample site 

Exploration pit 

40 0 40 80 FEET 

CONTOUR INTERVAL 20 FEET 

TRAVERSE 

30_/ 
Y . 

APPROXIMATE MEAN 

UECLINAIION. 1960 

FIGURE 48.1.-Sketeh map showing locations of geochemical sampling sites and explomtion pits of the Mahoney Creek lead· 
zinc deposit, George Inlet, Revillagigedo Island, Ketchikan district (modified from map by W. S. Twenhofel, U.S. Geol. 

l 
! 

Survey Bull. 998-0, p. 80). " 
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TABLE 48.1.-Mean backgro1tnd and anomalous percentages of lead and zinc in plant ash 

Mean values, all 

Mean values, Mahoney Creek plant samples 1 (number of samples In parentheses) 
Alaskan spec!-

mens 2 (number 
of samples In par-

Plant species. and tissue analyzed 
en theses 

Lead Zinc 
Lead Zinc 

Background Halo Vein Background Halo Vein 
---

Menziesict (M. ferruginosa), (20) (10) (5) (20) (10) (5) (76) (76) 
stems 8 in. long excluding 0. 014± 0. 001 0. 016±0. 002 0. 035 ± 0. 006 0. 26±0. 02 0. 39±0. 06 0. 57±0. 06 0. 019 0. 26 
new growth. 

llf enziesia, len.ves and new (20) (10) (5) (20) (10) (5) (61) (61) 
stem growth. . 004± . 001 . 006± . 002 .011± .003 . 15± . 01 . 20± . 02 . 23± . 03 . 008 . 16 

Early blueberry ( V accini1tnt (20) (10) (5) (20) (10) (5) (45) (45) 
ovalijoli1tm), stems 10-12 . 004± . 001 . 006± . 002 . 010± . 003 . 14± . 02 . 17± . 03 . 19± . 04 . 007 . 15 
in. long, with leaves. 

Westem hemlock ('l'su(Jahetero- (18) (9) (5) (18) (9) (5) (39) (39) 
phylla), stems 10-12 in. . 016± . 001 . 016± . 002 . 014± . 004 . 08± . 01 . 13± . 02 . 20± . 05 . '015 .11 
long, with needles. 

Salnl ( Ga·ultheTia Shallon), (15) (8) (4) (15) (8) (4) (27) (27) 
stems 10-12 in. long, with . 005± . 001 . 017± . 012 . 011± . 004 . 08± . 01 . 15± . 04 . 16± . 04 . 009 .11 
leaves. 

Red hucklebeny ( V accinimn (4) (4) (2) (4) (4) (2) (10) (10) 
parvifolimn), stems 8-12 in. . 005± . 001 . 004± . 001 . 018± . 010 .11± . 02 . 18± . 01 . 25± . 05 . 004 . 16 
long, with len.ves. 

Sitkn. spruce (Picea sitchensis), (1) (1) • (2) (1) (1) (2) (59) (59) 
stems 8-10 in. long, with . 005 . 005 . 015 . 15 . 25 . 28 . 012 . 13 
needles. 

I b. n. Marx, analyst. 
2 Analyses by staff, U.S. Geological Survey laboratory. 

TABJ.,E 48.2.-Comparison of mean lead and zinc peTcenta(fes in soils and plants sampled at Afahoney Creek, Revillagigedo Island, Alaska 

[D. R. Marx, analyst.] 

Lead Zinc 

Background Halo Vein Background Halo Vein 

Mean percentage in ash of all plant 
species sam pled ___________________ 0. 0090±0. 001 0. 011 ±0. 002 0. 016±0. 002 0. 14±Cf. 01 0. 21 ±0. 02 0. 27±0. 03 

Mean percentage of all soil samples ____ . 002 ± . 001 . 011 ±. 004 . 130 ±. 069 . 003±. 001 . 008±. 003 . 087 ±. 046 

"lmlo" samples. If "minus" anoma.l ies can be shown to' 
be consistent for a particular plant species and a spe
cific element they can be useful in biogeochemical pros
pecting. 

The averages of all Alaskan specimens of these spe
cies correspond well with the :Mahoney Creek back
ground values, being slightly higher because anomalous 
n.s well as background values were included in the com
putations. 

l''he validity of Bifferences between "background," 
"halo", a.nd "vein" values of a certain species for each 

. metal may be judged by the standard error included 
in the percentages table 48.1. If a difference be
tween two values is as great or greater than twice 
its standard error, it is held to be a significant differ
ence-not a sampling error (Standard Error of a Dif
ference=y(S.E.1)2+ (S.E.2)::). On this basis, mini
mum threshold values may be established which are 
significantly less than the commonly accepted standard 
of twice background values for soils. The physiological 
processes of primary salt absorption and ion exchange 
are operative in these plants, whereas the movement of 
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the metals through soils from their areas of concentra
tion involves less complex processes. This "sensitivity" 
of plants to their substratum may make plant samples 

more accurate than soil samples as indicators of anoma
lous metal occurrence, particularly in "halo" value 
ranges. 

49. GEOCHEMICAL EXPLORATION IN ALASKA 

By RoBERT M. CHAPMAN and HANSFORD T. SHACKLETTE, Denver, Colo., and Georgetown, J{y. 

Field and laboratory studies of the applicability in 
Alaska of presently known methods of geochemical 
exploration were begun in 1956; soils, plants, stream 
sediments, and stream waters were sampled in several 
regions of Alaska. Although most of the samples were 
taken over and near known mineral deposits, some were 
collected in areas that do not contain known deposits. 
Soil and plant sampling were concentrated in the areas 
shown on figure 49.1. 

Thirty-eight different species of plants were used in 
evaluating methods of biogeochemical prospecting. 
Plant samples were collected at soil sample sites in order 
to relate the amount of metals in the plants to the 
amount in the soil where they were growing. 

Analysis of the data is not fully completed and in 
some areas more samples are needed, but the following 
eval tuitions can be made: 

PACIFIC 

0 50 100 150 MILES 

FIGURE 49.1.-Map of Alaska showing areas of detailed geochemical sampling. 
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1. Soil samples generally give anomaly patterns that 
assist in locating most of the deposits that were 
tested. Lead-zinc deposits at l\1ahoney Creek; 
lead-, zinc-, copper-, antimony-, a,nd arseni'c-bear
ing deposits in the J(antishmt area; and silver-lead 
and tungste11 deposits in the Fairbanks area showed 
clear-cut a noma] ies. Less distinct, but at least in 
part definitive, anomalies were obtained from sam
ples taken over copper-nickel deposits on Yakobi 
Isln.nd, copper-bearing pyrite deposits on Latouche 
Island, mercury deposits at Red Devil, a copper 
deposit along the upper l\1aclaren River, and 
several sulfide-mineral deposits and a serpentine 
body near Livengood (table 49.1). 

2. In general, samples from the C soil horizon near 
bedrock give the most reliable and useful sample 
and the largest metal content. Many of the A hori
zon samples show lower a.nomaly values and do not 
always reflect anomalies that are present in the 
underlying C horizon or bedrock and, owing to 
the humus content, are more difficult to process 
chemically. 

3. l\1any plant and soil anaJyses show close correlation 
in the upper range of anomalous metal content, 
whereas the relationship is often obscure in the 
lower range of values. 

4. On some sampling traverses the high metal values 
in plant ash do not occur at the sample site having 

'J~Auu~ 4!>.1..-.illet(l,l content, ·in parts ww ·1n·ill·io·n, of soUs ·i·n sever(l,l m·ea.s of Ala.ska, base(l on a,mwoximwtcly.1,060 sa.-tntJles 

!Analyses of -80 mesh material by rapid wet chemical field tests by staff of Geochemical Exploration Section laboratory. Soil C horizon may in places include some B horizon.] 

Soil A 1 horizon 

Area Rock type Background (ppm) Anomalous (ppm) 

Pb Zn Cu Ni As Sb Pb Zn Cu Ni As Sb 
---------1---------11----------------------------------------

Mahoney Crook ........ Slate ............................................ ---------------- ---------- ------ ------------ ----------- ---"------ --------- ---------- ------
Yakobi Island .......... Amphibole schist. ________ ------·--------------- <20 <20 ---------- ______ ------------ ----------- ___________________ ---------- _____ _ 

Yakohllsland .......... Gnbbro and some diorite .. --····-·-·· ----------- <2o-20 <2o-20 __________ ...... ------------ ----------- >I00-400 >nG-400 ·--------- ------
Yakobi Island .......... Norlte .... ---------------- ----------- -----·----- 2Q-100 2G-SO ---------- ______ ------------ ----------- >IOG-400 >SG-400 ·--------- ------
J ... atoucho lslnnd ........ Graywacke and slnte. ____ <2o-so to-so+ 10-SO -------- ---------- ______ lOG-1, 2SO lOG-200 >S0-200 --------- ·--------- _____ _ 
Hod DoviJ. _____________ Graywncke and shale ..... ----------- ----------- -------- -------- ---------- ------ -·-·-------- ----------- ---------- --------- ---------- ------
Kantlshna ______________ Quartz-mien schist. ....... <20-100(?) <2G-JOO(?) lG-SO('?) -------· 10-lSO(?) ? >IOG-1, 000 120(?)-180 f>Q-100 --------· 200-1,200 ? 

or 2, 000 
Maclaren Hlvor ........ Basaltic rocks _____________ ---------------------- 30-70 _____ . ___ ---------- ______ ------------ ----------- >7o-400 --------- ---------- ------
Livengood ....•••••.•.•. Ultramafic and mafic 

rocks. 
Livengood .............. Chert and metasedimen-

tary rocks. 
f<'nlrbanks.............. Quartz-mien schist and 

some. granitic rocks. 
<20-40 2G-100 -------- -------- <to-20(?) ------

<1 
so-so >too-1so .--------- _________ ·--------- _____ _ 

Soil C horizon 

Area Rock typo Background (ppm) . Anomalous (ppm) 

Pb Zn Cu Ni As Sb Hg Pb Zn Cu Ni As Sb Hg 
-------1--·-------1------------------------------------------
Mahoney Creek .... Slate. __________________ <2o-so <2o-50 SG-100(?) ........ ________ ________ ________ >so- >so- >100- ________ --------- -------- --------

Yakohllslnnd ...... Amphibole schist. .. ___ -------- _______ __ 
Ynkohllsland ...... Gabbro and some-----------------

diorite. 
Yakohllslnnd ...... Norlte _________________ -------- ---------

I...ntoucho Island.... Graywacke and slate... to-so to-so+ 

<20 
SG-70 

2G-100 

<20 
2G-50 

2G-70 

>3,000 2,000 300 

lOG- lOG-600 
l,SOO 

>JOG- lOG-flOO --------- -------- --------
1,500 

lG-50 -------- -------- -------- -------- SG-200 100(?)- 80-800 -------· --------- -------- --------
4, 000 

Hod DeviL ........ Graywacke and shale ... -------~ _________ ----------------- <to- <1-6(?) <2.S- --------- ---------- -------- ----.---- >ISQ- >&-900 9-160+ 

Knntlshna ......... Quartz-mica schist..... <2G-
100(?) 

<2G-
100(?) 

Maclaren Hlvor .... Basnltlc rocks .......... ----------------· 

T ... lvongood ......... Ultramafic and mafic <2o-so 2S-120 
rocks. 

Livengood._.------ Chert and motasedl- <20-20 20-120(?) 
mentary rocks. 

Fnlrbanks .......... Quartz-mica schist and <2o-4o 2Q-150(?) 
some granitic rocks. 

557753 0-60--8 

1SO(?) 6. 5 3, 000 
10- -------- <1o- 1-10(?) -------- >t00- >IOG- >IOG- >20o- >1o-

100('?) 200(?) 4, 000 3,000 300 2, 400 1,100 
or 4, 000 

4G-200 >20o-
l, 200 

2G-SO S0-400 -------- -------- <2. s- --------- ---------· -------- -------- --------- -------- --------
3(?) 

lQ-80 <2s- -------· -------- <2.S- --------- ---------- -------- -------- --------- -------- >6(?)-
100(?) (?) 1S(?) 

10-('?) -------- -------- <1-4 -------- so-s,ooo >ISO(?)- -------· -------- --------- -------- --------
7,000 
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high soil values, but at an adjacent site.· The direc
tion of root·growth of the plant in response to other 
soil factors having a physiological.effect may cause 
this displacement. 

5. Plant roots do not extend to great depths in Alaska, 
owing to (a) the general abundance of water in 
the upper soil horizons, (b) the thin soil mantle 
that usu~lly overlies bedrock, and (c) the occur
rence of permafrost or late-thawing cold subsoil 
which limits do,vnward root growth. This growth 
characteristic restricts the usefulness of plants in 
indicating deeply buried metal deposits. 

6. The ability of plants to indicate anomalous metal 
occurrence in the substratum on which they are 
grmving varies with the species of plant and kind 
of metal. A species that accurately indicates 
anomalous amounts of one metal may be useless for 
Indicating another metal. . 

7. The average metal content of all species for all areas 
studied varied with the different metals, and ranked· 
in descending order as follows : zinc, iron, nickel, 
copper, lead, and molybdenum ( ta.ble 49.2). High, 
low, and median values for these elements are also 
given. 

'l'ABLJ~ 49.2.-Mean metal content of 38 speoies of Alaskan 
plants, based on 5,126 analyses. Values expressed as percent 
in ash 

[Analyses by rapid wet chemical field tests by staff of U.S. Geological Survey 
laboratory] 

Metal content in number of analyses indicated 

Value 
Lead Copper Zinc Nickel Iron Molyb-

(I ,439) (1,502) (1,439) (396) (338) denum 
(12) 

----------------

High ............... 0. 500 0.300 4.00 0.600 7. 50 0.003 
Low ________________ .002 .001 .02 .002 .04 .001 
Mean _______________ . 012 .027 . 32 .034 .28 .001 
Median ............. .010 .022 . 15 .015 . 25 .001 

8. There is commonly a great variation in amounts of a 
particular metal absorbed by different species of 
plants growing at the same site. This may repre
sent the inherent limitations of the species in their 
range of meta.l absorption. Some species show a 
ratio of high to low metal content as great as 200 :1, 
whereas others cover a range of only 5:1 to 10:1. 
Ratios of high to low percentages of several plants, 
which ·are considered to be representative of the total 
species analyzed, are given in table 49.3. Plants with 
high ratios have the capacity to indicate anomalous 
metal concentrations, whereas species with low ratios 
may be limited in this respect. These ratios may 
vary within a species, depending on the metal. 

9. No definite geobota.nical indicator species of flower
ing plants were observed in Alaska, although some of 
the species found on soil derived in part from serpen
tine may he included in this category. Several 
species of mosses and liverworts, however, were found 
which are generally recognized as occurring only 
on metal-rich substrata. The Alaskan specimens 
were found only on substrata containing, or presumed 
to contain, anomalous metal concentrations. 

TABLE 49.3.-Ratios of high to low content of metals in selected 
species of Alaskan plants 

(Analy~es by rapid wet chemical field tests by staff of U.S. Geological Survey 
laboratory] 

Ratio of high to low metal content 
(number of analyses In parentheses) 

Lead Copper Zinc Nickel Iron 
------------

Alder (Alnus crispa (A it.) Pursh.). (122) (122) (122) (17) ---------
200:1 20:1 14:1 5:1 ---------

Crowberry (Empetmm nigrum L.) _ (38) (65) (38) (7) (14) 

40:1 8:1 3:1 30:1 8:1 
Deer cabbage (Fauria Cristagalli (73) (73) (73) (17) (56) 

(Menz.) Makino). 15:1 10:1 10:1 10:1 7:1 
Dwarf blueberry ( Vaccinium uligi- (166) (195) (166) (40) (14) 

nomm L.). 20:1 40:1 25:1 150:1 3:1 
False hellebore (Veratmm Esch- (44) (44) (44) (21) (23) 

scholtzii A. Gray). 10:1 100:1 10:1 50:1 5:1 
Menziesia (Menziesia [erru7inea (76) (76) (76) (15) (26) 

Smith). 60:1 20:1 8:1 25:1 16:1 

Mountain hemlock (Tsuga Mer- (66) (66) (66) (7) (56) 
tensiana (Bong.) Sarg.). 200:1 20:1 2:1 20:1 8:1 

White birch (Betula resinifera (51) (51) (51) (47) ---------
Britton). 200:1 15:1 27:1 32:1 ---------

10. Stream sediments that were collected from 0.5 mile 
to as' much as 2 or 3 miles downstream from de
posits bearing one or more metals other than gdld, 
generally showed an anomalous content of at 
least one metal (table 49.4). Lead, zinc, copper, 
antimony, arsenic, nickel, and chromium all give 
identifiable anomalies. Tests for tungsten, co
balt, molybdenum, titanium, manganese, and 
several other metals did not appear to be as use
ful, although these metals were not tested as ex
tensively as the former group of metals. 

11. Stream sediment derived chiefly or entirely from 
loessial mantle generally gives no clue to mineral 
deposits in the watershed. 

L2. Stream sediment sampling failed to detect placer de
po~its that lie beneath a relatively thick muck and 
gravel cover, which in most localities in interior 
Alaska is frozen. Apparently such deposits do 
not yield detrital or dissolved metal to the surfi
cial stream sediment. 

13. Stream water samples do not consistently give re
liable leads to metalliferous deposits in the drain-

, .. 

{ 



~-

·-

EXPLORATION AND MAPPING TECHNIQUES B107 

TAHLJ~ 4!).4.-ilfct(tl co·ntcnt of st·rca·m se,Unwnts in sevm·nl arcns of Alaska,, base(l on appt·ow·irna,tely 1,55 samwlcs 

[Analyses or -80 mesh material, after grinding it to -200 mesh, by rapid wet chemical field tests, by staff of U.S. Geological Survey laboratory] 

Background metal content (in ppm) Anomalous metal content (in ppm) 
Area und rock types 

Pb Zn Cu Ni Cr As Sb w Pb Zn Cu Ni Cr As Sb w 
----·----1---------------------------------------------
Southeastern A luskn <20- <20- <10- <20- 20-I50 .. -----· <1-4 ....... 50(?)- 80(?)- >50(?)- >SO(?)- >ISO(?)- .......... 5(?)-I5 ------

Many rock types. 40(?) 80(?) 50(?) so(?) (?) (?) 4, ooo+ 4, ooo 4oo I, 200 I, soo 
Ynkobl Island. Oubbro, 

norltc, diorites and 30-
50(?) 

10-

20- 60(?)- I00(?)-

schist ..................... ------ ....... . 80('?) _, _____ _. ....................... _______ , ---------- . 400 400 .... ______ ---------- _, ______ ------

r ... utouche Ishmd. Omy- <JO- 50- 10- 3-

wacke and slate .. ------ 40(?) 100(?) 60('?) .. · ............. .. 80(?) IO(?) ............................................ __ , ______ .......... --------- ------
Interior Alaska. Many <20- <20- <10- <10- <I- <20(?) >60(?)- I20(?)- 60(?)- >I20(?)- 6(!)-45 20-40 

rock types.............. 60('?) IOO(?) 50('?) ................ . 120(?) 5(?) ....... 300(?) 700 80 .. -~---.. .......... 300 
Kantlshnn. Qwutz-mlet\ 10- 20- 20- <JO- I- >SO(?)- >120(?)- >SO(?)- >I20(?)- >12(?)-

t\ml chlorite schist...... 80('/J 120(?) 50(?) _____ ,_ ....... .. 120(?) I2('?) ....... I, 500 2, 500 I50 , ________ ,_______ 3, 200 600 

age basins. Some base metal deposits were de
tected by anomalously high amounts of copper, 
lead, or zinc in water 0.5 mile downstream. Al
though this condition seemed to be detectable for 
as much n.s 3 miles downstren.m, it diminished to 
indefiniteness at that distance. In contrast, 
some other streams draining areas having similar 
deposits showed only normal metal content. 

14. Apparently no useful correlation can be made be
tween pli and metal content of stren.m waters, or 

between sulfide deposits and the sulfate content 
of waters draining from such deposits. 

The analytical values given in tables 49.1 through 
49.4 were determined by rapid \Vet chemical field tests 
that have a precision of -50 to + 100 perce·nt. Due 
consideration should also be given to the distn.nce of 
the sample from the source deposit and to the rock 
type from which the sample material is derived. Thus, 
it is impossible to give an exn.ct figure that divides 
background from anomalous values. 

50. THERMOLUMINESCENCE AND POROSITY OF HOST ROCKS AT THE EAGLE MINE, GILMAN, COLO. 

By CARL H. RoAcH, Denver, Colo. 

Preliminary results of a. study of the base-metal re
placement deposits in the Eagle mine, Gilman, Colo., 
indicate that thermoluminescence a.nd porosity of host 
rocks adjacent to soni.e ore bodies may be related to dis
tance from ore and to alteration associated with ore. 

The number 3 Lower Chimney ore body is enclosed 
by a la.rge rnass of dark apha.nitic Lea.dville dolomite 
(l\iississippia,n) that has been altered to "sanded dolo
m.ite" near the ore body (Lovering and Tweto, 1944). 
A few small patches of sanded dolomite occur at greater 
distances front the ore body. The sanding process 
cha.nged the dark apha-nitic dol01nite to a coarse grained 
incoherent mass of light-gray dolomite sa,nd. Gener
ally, sa.rnples of sanded dolom.ite luwe less thermo
luminescence.than unaJtered aphanitic dolomite and the 
amount of thermoluminescence of a.pha.n'itic dolomite 
increases with distance from the ore body (fig. 50.1). 
Exceptions are samples 49 through 52, which are 

slightly sanded and represent a rock type similar to 
the sanded dolomite near the chimney. 

The porosity of the host rock near the number 3 
Lower Chimney ore body is also related to intensity of 
alteration and to distance from ore (fig. 50.2). The 
porosity of sanded dolomite near ore ra.nges from 16 
to 25 pei·cent, whereas all dolomite sn.mples n1ore distant 
from ore than the mass of sanded dolomite have porosi
ties of about 6 percent or less. An exception is sample 
number 38, whioh has a porosity between the two groups 
of samples. Sar'nple 38 is very close to the mapped con
tact of sanded dolomite, and has probably been affected 
slightly by the sanding process ·even though this is not 
mega.scopica.lly apparent. It is noteworthy that the 
porosity of samples· 49 through 52 is not high with 
respect to the porosity of adjacent samples of aphanitic 
dolomite, even though these samples are slightly sanded. 

The thermolumii1escence of san1ples 49 through 52 



B108 GEOLOGICAL SURVEY RESEARCH 1960-SHORT PAPERS IN THE GEOLOGICAL SCIENCES 

ui 
Ucn 
Zl-UJ-
uz 
en=> 
UJ 
zUJ 
-> :2-
:::>!;;: 
...J...J 
OUJ 
:20:: 
ffiz 
J:-
1-

44 IOOU 
0 , 

I I 

f100o 400° fl00° 

-Massive pyrite 

-Mixed sulfides 

. 

. 

46 

I ,:;:, 
,·. 

4ooo 

Manganosiderite rubble 

-Altered sulfides 

48 

36 37 

,'\ ('\ 

I I ,' \ 

, .. :6· I 

I ~ I I 1<::<==: i i i I 

38 39 41 
,. 
II 
I I ,, 

I \ I' 
1 .. , I I 

I I\ I 

100 

•,~ ,/ ' I 

I - 4---, i I ic ~~ ,........._,,...c.o::'~-+Q 
400° t 1 ooo 400° t 100° 4ooo t 1 ooo 4ooo t 100° 400° t 10oo 400° 

49 50 52 51 53 

~ 
1 lOQ 

,. 
, ... I l 

I I I \ r, 
I 

\ I 
, \ 

.. :A ~~ 
I\ I , ' 

'A I I •'• I I. I I 'r. I I 0 
pooo 400° f100o 4ooo tiooo 4ooo fl00° 

TEMPERATURE IN DEGREES CENTiGRADE 

I 
I 

I I 
I 

EXPLANATION 

~ 
Mudstone 

~ 
Do"lomite 

~ . 
"Sanded" dolomite 

~ 4 

Dolomite breccia 

400° fl00o 400" fiOoo 400° 

0 10 FEET 
I I . 

---
Contact 

-1:30 
-- .. -1:10 
Scale factor 

t 
Roon:' temperature 

• 
Sample location 

]'IGURE 50.1.-Variations in thermoluminescence of the Leadville dolomite adjacent to the number 3 Lower Chimney ore body, 
Eagle Mine, Gilman, Colo. 

was found to be simi] a.r to that of the sanded dolomite 
near the ore body (fig. 50.1). These relations suggest 
that porosity and thermoluminescence measurements · 
might be useful in locating ore bodies. Porosity meas
urements might make it possible to differentiate be
tween ·masses of intensely altered sanded dolomite near 
large ore bodies and small, less intensely altered masses 
of sanded dolomite that are far removed from ore. 

The porosity of sanded dolomite seems to be related to 
the intensity of alteration, which in turn seems to be 
related to nearness to ore bodies. 

The Dyer dolomite member of the Clutffee fonna.tion 
(Upper Devonian) adjacent to the 18--35 chimney does 
not appear megascopically to have been intensely 
altered by sanding as is a.pparent near the ore body in 
the overlying Leadville dolomite. However, measure-
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lf'IOUill~ 50.2.-Vnriations in porosity of (A.) the Leadville dolomite adjacent to the number 3 Lower Chimney ore body, and 
(B) the Dyer dolomite member of the Chaffee formation adjacent to the 18-35 ehimney ·ore body, Eagle Mine, Gilman, 
Colo. 

rnent.s show tJmt the porosity of the Dyer dolomite 
member is high (15 to 20 percent) near ore a.nd de
crea,ses with distance from ore ( tig. 50.2B), indicating 

tha.t alteration may have been n10re effective than is 
apparent megascopically. Dolomite more distant from 
ore than sample 8 ma.y have lower porosity. 
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It seems that aJtern.tion associated with the ore bodies 
has greatly increased the porosity of both the Leadville 
dolomite and the Dyer dolomite member of the Chaffee 
fornmtion adjacent to ore (figs. 50.2A and 50.2B). The 
increased porosity associated with alteration in the 
Leadville dolomite is seemingly restricted to distances 
no gren.ter than 50 feet from ore and termina.tes 
abruptly, whereas alteration in the Dyer dolomite mem
ber seems to have been more pervasive and to decrease 
gradun,lly with distance from ore. These relations sug
gest that ann ique porosity variation with dista.nce from 
ore may be characteristic of each carbonate unit. These 
different variations taken together may be useful as a 
guide to ore. 

Sulfide ore bodies also occur in the Sa,wa.tch qua.rtzite 
("Upper Cambrian) in the deepest workings of the 
Eagle mine. One of these ore bodies consists of two 
ln,yers of sulfide ore separated by a thin layer of 

quartzite (fig. 50.3) and is bisected by a vertical silver
bea.ring galena vein. Quartzite a.t the lateral edges of 
the two ore layers has been sanded. The thermo
luminescence of the quartzite in the thin bed between 
the ore layers seems to be rela.ted to distance of the 
samples from the vein (fig. 50.3) ; the sa.nded quartzite 
has much less thermoluminescence than a.dja.cent sam
ples of una.ltered qua.rtzite. 

The ore and altered qu:trtzite have higher porosity 
tlutn the barren, unaltered qua.rtzite (fig. 50.3). The 
sanded host rock has a much higher porosity than un
altered quartzite, but unlike sanded dolomite near ore 
in the Leadville, the sanded quartzite is limited to a 
very narrow zone at the ed~es of the ore body. 
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51. .UBEFULNESS OF THE EMANATION METHOD IN GEOLOGIC EXPLORATION 

By ALLEN B. TANNJ<JR, Salt Lake City, Utah 

0 Wo·rk flonc in coopera.tion. with the U.S. Atomic Energy .Comm~i.ssion 

Explom.tion for radioactive materials or geologic 
features by measurement of one or more of the emana
tion isotopes, radon, thoron, and actinon, contained in 
soil gas near the surface of the earth, is called the 
emanation method. The basic concept is that the 
emanation isotopes, being gaseous, may migrate by dif
:fusion and transport for a distance from their source 
through soil overburden greater than the distance ef
fectively penetrated by gamma rays from the same 
source. Because the techniques for emanation meas
urement are also more sensitive and more specific than 
field gamma-ray measurements, emanation surveying
particularly that using radon-222 measurement-has 
been practiced occas:onally for about forty years (Am
bronn, l 028). In the United States it has not won 
recognition or general accept.ance as a practical method 
because of contradictory results of field testing. The 
principal matter of dispute has been the depth of pene
tration of the method, estimates of which-based on 
appn.rent field success-have ranged from several 
inches to hundreds of feet. 

The theoretical approach has been fruitful and has 
been presented by Grammakov (1936), who showed 

the extent of emanation migration through permeable 
material to be a sharply decreasing hyperbolic func
tion of dista.nce. From various theoretical and labora
tory results it may be estimated that the emanation 
method is accurate and effective to a maximum depth 
of about 30 feet in dry, coarse, nonradioactive over
burden. Soil moisture content of more than about 6 
percent reduces the effective depth many-fold, and 
moist clay la.yers practicaJly prevent radon migration. 

It is becomit1g apparent that most of the "radon" 
anomalies described in the literature probably occur 
not because of the migration of the gaseous but short
lived radon, but because of migration of radium and 
other intei·mediate decay produets of uranium in solu
tion. Rosholt (1959) has shown that the radioactive 
disequilibrium that would accompany such migration 
in solution is the rule, rather than the exception, in 
uranium ores. In l{arnes County, Tex., a radon 
anomaly over a uranium ore body covered by 1 to 10 
feet of overburden was due to migration of radium and 
other intermediate decay products of uranium; radon 
migration was virtually nil. Such anomalies tend to 
be displaced in the direction of ground-water move-
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ment and therefore to be inaccurate in locating geologic 
features unless the features are large compared with 
the thickness of overburden. 
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52. POLAR CHARTS FOR EVALUATING MAGNETIC ANOMALIES OF THREE-DIMENSIONAL BODIES 

By Ror_,AND G. HENDERSON, Washington, D.C. 

CHART DEVELOPMENT 

In the indirect approach to the interpretation of 
total-magnetic intensity anomalies, one ma.kes an in
telligent guess concerning the depth, size, shape, and 
magnetization of the disturbing body, and checks his 
hypothesis by calculations. For three-dimensional 
bodies (that is bodies with both horizontal dimension$ 
not large in relation to the depth of burial) the calcu
lations are quite difficult; accordingly, graphical meth
ods are indicated. In this report we present a new and 
simple polar chart method for the rapid computation 
of the magnetic effect of any magnetic body. 

The charts are based on the formula for the mag
netic effect of an elemental solid sector cut from a 
buried hollow vertical cylinder of infinite depth e~tent. 

X 
9j 

FIGURE 52.1.-Geometrical basis for effect at P due to elemen
tal semi-infinite vertical cylinder magnetized by induction in 
a field, To. 

In figure 52.1, let P: (0,0,0) be a point in the xy-plane 
on which the observations are presumed to have been 
made, and let the upper face of the cylinder terminate 
in a plane which is one depth unit below the xy-plane. 
Let l't and rt+I be the radii of the elemental hollow 
cylinder and let OJ and OJ+I be azimuths of the radial 
line boundaries of the sector. At P, the total magnetic 
intensity anomaly per unit magnetization produced by 
the elemental column is given by 

• 
ri+I (}HI 

f f { cos
2 

I ( ~ -1) (1-2 cos20) 
r ~r +I 

rl (}J 

_ rcos2lcos20 + 2r2 sinlcosicosO 
(r2+ 1)3/2 (r2+ 1)3/2 

rsin2 I } + (r+ 1)312 drdo . . . . . . . . . . (1) 

where k is the magnetic susceptibility, To the magni
tude of the earth's normal magnetic field and I its in
clination. For a given I, the infinite half-space anom-

1 . . . p. ( .6'f) a y per unit magnetizatiOn at Is, kTo lh-space= 

7T(2 sin2 I-cos2I) By integrating (1) from (}J=O to 
OJ+I =27T, we obtain the anomaly at P due to the i-th 
ring cylinder of radii r1 and rt+I· vVe use this formula 
to divide the half-space into a family of consecutive 
concentric cylinders each having an arbitrarily pre
scribed percent of the half-space· magnetic intensity 
value. Next we find for each ring cylinder, in turn, the 
various azimuths OJ, which divide the ring into sectors 
each having the same effect at P. A facsimile of the 
polar chart constructed for I= 7 5° is shown in figure 
52.2. Each non-numbered sector has the effect of 
0.005652 gammas per unit magnetization at the center 

.., 

.,.. 
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UNIT DEPTH 

li'rou1m 52.2.-Polnr chart for computing the magnetic .anomaly 
of tlu·ee-dimensional bodies magnetized in a field of inclina
tion 1=7!'i 0

• 

of the chart. The sectors in the lower portion of the 
chart set off by heavy radial lines are negatives. Num
bers indicate the partial value (in percent) for incom
plete sectors. Similar polar charts have been con
stnteted for inclinations 1=90°, 75°, and 45°. Charts 
for 1=:30°, 20°, and oo will be constructed. The com
putation of the charts is being carried out by Alphonso 
'Vilson of the U.S. Geological Survey. 

USE OF CHARTS 

For desk use, film positives of the charts are repro
duced at a sca.le one-half inch equals a depth of burial. 
In a three-dimensional computation the body is subdi
vided into horizontal layers represented by contours. 
Through each point to be computed on the plane of 
observations, a line is drawn in the direction of mag
netic north. Because the depth of every level is differ
ent the scale at each level must be adjusted to agree 
with that of the chart. This scale reduction can be 
done either photographically or optically on a projec
tor. The center of the chart is placed at the point to 
be cmnputed, the axis being alined with magnetic 
north. The chart elements or portions thereof covering 
t:he area, inside the contour are counted. At each level 
counts for the bottom contour of the· overlying layer are 
]Wefixed with a nega.ti ve sign, and counts for the top con
tour of the lower layer are prefixed with a positive sign. 

The counts for all levels are added algebra.icaJly to ob
tain the anomaly of the body at a given point on the sur
face. Tests show that the charts yield accurate results. 

The method, although still developmentaJ, is being 
used by J. vV. Allingham and Montgomery Higgins of 
the U.S. Geological Survey to interpret anomalies 
caused by topography in southeast Missouri. Their 
computations for Bald Knob are illustrated in figure 
52.:3, which shmYs the generalized elevation contours, 
and in figure 52.4, which shows both a. vertical section 
along A-/3 and the computed (solid line) together with 
the observed (broken line) magnetic profiles; The mis
fit on the north limb of figure 52.4 is attributed to the 
influence of adjacent magnetic.materia.l not included in 
the calculation. 

The charts have a wide variety of applications. Since 
at a radius of 20 depth units the charts cover 95 percent 
of the half-space anomaly, they also can be used on 
bodies traditionally computed by two-dimensional 
methods. Vertical contacts, horsts, grabens, dikes, 
plugs, pipes, etc., are examples of bodies rapidly com
puted in this way. 

REMANENT MAGNETIZATION CALCULATIONS 

Remanent magnetization, invariably neglected in 
ca.lcu]ations, may sometimes be m~tny times greater 
than the induced magnetization. In view of the in-

~ 
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11"'IGURE 52.3.-Generalized topography of Bald Knob, 

southeast Missouri, showing location of section 
A-B. 
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creasing volume of data on remanent magnetization, 
methods must be developed for making total magnetic 

intensity calculations when some knowledge of the 
remanent moment and shape of the body is available. 
Polar charts constructed for b.Z and b.H for various 
inclinations are required for these calculations. One 
excursion over the body must be made with each chart. 
The 6.Z charts also would be of much value to those 
conducting vertical component surveys. 

CHARTS FOR OPTICAL ANALOGUE COMPUTER 

Use of a chart involves a counting of the covering 
chart elements. This is an operation which can be 
performed on a commercially available optical analogue 
computer designed for gravity calculations. To adapt 
this equipment for magnetic applicatioi1s we have de
vised charts equipped with a uniform number of light 
apertures per sector. The transmitted light is pro
portional to the anomaly and as it falls upon a photo
electric cell is measured in a potentiometer circuit. In 
a recent test the anomaly of a vertical cylinder was 
computed with an error of less than two percent. 
Methods of itnproving the sensitivity and drift char
acteristics of the equipment are being studied. This 
adaptation of the computer may be a major break
through in calculations for magnetic interpretation. 

53. MAGNETIC EVIDENCE FOR THE ATTITUDE OF A BURIED MAGNETIC MASS 

By GoRDON E. ANDREASEN and IsiDORE ZIETZ, Washington, D.C. 

It has long been recognized that one of the short
comings in the analysis of magnetic and gravity data is 
the inability to determine a unique configuration for a 
rock mass that is assumed to produce an anomaly. The 
purpose of this paper is to show that despite this am
biguity, the dip of a dikelike mass at known depth can 
be confidently ascertained within narrow limits, irre
spective of the thickness of the mass. 

To illustrate the interpretive procedure, a typical 
linear aeromagnetic anomaly was selected for analysis. 

A total-interisity aeromagnetic map of east-central 
Indiana (Henderson and Zietz, 1958, plate 4) shows a 
two-dimensional anomaly extending from· Fayette 
County across Wayne County and into Randolph 
County (fig. 53.1). This anomaly trends northeast and 
has a magnetic relief ,ranging from 200 to 400 gammas. 
Magnetic profiles were flown, approximately 1,000 feet 
above the ground, along north-south lines one mile 
apart. Others were flown at the same altitude but 

crossing the feature at right angles to its trend (fig. 
53.1). All these profiles are very similar in shape but 
differ in amplitude. From these, profile C was selected 
to represent the essentially two-dimensional feature 
producing the anomaly (fig. 53.2). 

GEOLOGY 

The area is underlain at depth by sedimentary rocks 
of Precambrian and Paleozoic age up to and including 
the Pennsylvanian, and the Pennsylvanian rocks are 
overlain by Quaternary sediments. There are three 
drill holes in the area. Two of these are on the east 
and west flanks of the anomaly (fig. 53.1), and reach 
Precambrian ,rocks at depths of 2,4 78 and 2,617 feet 
below mean sea level respectively. The third, in Jay 
Co~1nty immediately north of Randolph County, 
reaches Precambrian rocks at a depth of 2,4 71 feet be
low mean sea level. Hence it is reasonable to assume 
that the relief of the Precambrian surface in the area 
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FIOUim 53.1 .. -Total intensity aeromagnetic map of part of 
Indinnn (from Henderson nnd Zietz, 1958, pl. 4). 

considered is at most only a few hundred feet. The 
mn.gnetic anomaly could be due to igneous rock in
truded into the sedimenta,ry rocks, but no intrusive 
rocks are now known to be exposed in Indiana. 

ASSUMPTIONS AND PROCEDURE 

It is assumed that the upper surface of the anomaly
producing rock mass coincides with the surface of the 
Precambrian and that it is flat-topped, for topographic 
relief of several hundred feet at this depth would con
tribute little, if at all, to the magnetic anomaly. Ex
perience has shown, also, that the magnetic' suscepti
bility of the sedimentary rocks may be considered negli
gible. 
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FIGUitE 53.2.-0bserved and computed magnetic profiles over 
an assumed dike· of intinitt! depth extent. 

Because of the linearity of the magnetic feature, 
it was believed that the anomaly might be produced 
by the juxtaposition of two rock masses of different 
magnetic properties within the Precambrian complex. 
One possible cause of such a juxtaposition would be 
faulting in the Precambrian basement, but computed 

. magnetic profiles based on this assumption did not 
closely resemble the observed profile. Excellent agree
ment was obtained, however, by assuming a dikelike 
mass dipping to the southeast as shown in figure 53.2. 
It was also assumed that the rock mass was magnetized 
by induction in the earth's field, and that remanent 
magnetization, if present, was also in the same diJI·ection 
or was negligible. 

Geophysical evidence thus indicated the probable 
existence of a dikelike mass whose top is at the surface 
of the Precambrian rocks. It remained to determine 
the numerous possible combinations of dike width and 
dip for which the profiles computed from the above
stated assumptions will provide reasonable fits to the 
observed anomaly. 
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GOODNESS OF FIT 

As a help in making a quantitative estimate of the 
"goodnes~ of fit," the symbol "G" was introduced. This 
represents a quantity that corresponds to the Chi
square of least-square theory and is the sum of the 
square of the differences between observed and com
puted values at equa1ly spaced intervals (fig. 53.3) and 
is expressed 

For dike widths of multiples of 1,000 feet and dip 
angles to the southeast corresponding to values of 15°, 
30°, 371;2°, 45°, 521;2°, 60°, 671;2°, 75°, and 90°, the value 
of "G" was computed and contoured as shown in figure 
53.4. For example, a dike with a thickness of 2,600 
feet (horizontal width of 3,000 feet) and a dip angle 
of 60° produced a magnetic profile whose index of fit 
is 40. 

...J 
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200r---.-------.-------.--------,-------,---, 

EXPLANATION 
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G=125 

--Observed 

- --- Computed 
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j=n 2 
Index of goodness of fit, G = .2; {AT -AT ) 

j= 1. J (obs) J (comp) 

FIGURE 53.3.-Method. of computing index of goodness of fit. 

Figure 53.4 may be used to provide limits on dike 
thickness and dike width. According to theory the 
best fits are obtained for small values of "G," and com
parison between the observed computed profiles in
dicates that all values of "G" less than 100 provide 
satisfactory fits. Furthermore, limits for both dip and 
thickness may be obtained by noting the values at which 
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FIGURE 53.4.-Contour plot of goodness of fit for various dike 
thicknesses and dip angles. 

sharp changes occur in the gradient of the contours. 
Specifically, it may be seen that between 30° and 60° 
a small change of'dip angle results in a large change in 
the "G" factor. From these considerations, limits on 
dike width may be inferred to range from less than 1,000 
feet to 5,000 feet or more. Limits on the dip of the 
dike, however, are restricted within the narrow range 
of 30° to 60°. 

It may be concluded that, in spite of the ambiguity 
which is always present in the interpretation of mag
netic data, it is possible in this case to infer the presence 
of a dikelike mass of intrusive rock in the Precambrian 
basement, dipping to the southeast at an angle that is 
almost certainly between 30° and 60° and probably not 
far from 45 °. 
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54. USE OF AEROMAGNETIC DATA TO DETERMINE GEOLOGIC STRUCTURE IN NORTHERN MAINE 

By .JOHN vV. ALLINGHAM, Washington, D.C. 

l\1any geologic problems in northern Maine, such as 
correlating certain geologic units and determining their 
structu raJ relations, can be solved by the application of 
geophysical methods. Three geophysical methods, 
aeromagnetic, electromagnetic (Frischknecht and 
Ekren, Art. 56), and gravity, have been applied suc
cessfully to specific geologic problems in areas of glacial 
cover. The aeromagnetic method is used in Maine to 
trace magnetic units, :mel thus to determine regional 
geologic structures, in fl.reas of thin glacial cover. 

Aeromagnetic surveys in northern l\1aine cover about 
12,000 square miles. l\1ost of these surveys were flown 
with 1/t-mile spacing between flight lines and at an aJti
tude of about 500 feet above the ground. A compila
tion of geologic and aeromagnetic data from northern 
l\1aine by Boucot and others (1060) contributes much 
new .information on this area. Their maps provide a 
basis for planning detailed geologic and geophysical 
studies in :treas considered favorable for mineral in
vestigations. The magnetic patterns on these maps 
show (a) the orientation, attitude, and continuity of 
narrow belts of volcanic rocks, mafic intrusive rocks, 
and contact-metamorphic rocks; (b) a general north
easterly structur:tl grain; (c) magnetically contrasting 
differentiates within felsic intrusives; and (d) the out
lines of granitic plutons that have hornfels· rims. 

Several periods of sedimentation and volcanism, 
orogeny, and intrusion are represented in northern 
l\1n in e. Large nreas of sedimentary rocks, containing 
Ordovician fossils and interbedded with volcnnic and 
pyroclastic rocks, were folded during a Late Ordovician 
orogeny and later intruded by granite, diorite, and gab
bro. All these rocks are overlain unconformably by a 
second sedimentary sequence of Silurian and Lower 
Devonian strata, which contain widesprend beds of 
slate and are associated with rhyolite, diabase, green
stone, nnd pyroclastic rocks. An Early or Middle 
Devon ian orogeny affected the entire area and pro
duced the lnrgest structural feature in the region, the 
l\1oose River synclinorium, which trends northeast
ward from Eustice to l\1ount J(atahdin. Structural 
relations northeast of l\1ount Katahdin are more com
plex and less well .known than those to the southwest. 
This orogeny was followed by intrusion of Middle 
Devonian plutonic rocks, nround most of which there are 
rims of hornfels. 

The magnetic properties of these rocks, as determined 
by labor:Hory measurements, are very helpful in work
ing out geologic structure. One of these properties, 
magnetic susceptibility, can be used to divide the rocks 
into three groups: (a) argillite, slate, nnd sandstone, 
which have negligible susceptibility; (b) granite, 
rhyolite, and pyrrhotitic slate, which have low sus
ceptibility-usually less than 1 X 10-~ cgs; and (c) di
m·ite, diabase, greenstone, gabbro, and serpentine, 
which have moderate susceptibility:__greater than 
1 X 10-a cgs. Magnetic anomalies associated with felsic 
intrusive and hypabyssal rocl{s and some volcanic rocks 
range from 50 to 300 gammas, and those nssociated with 
diorite, gabbro, greenstone, and serpentinized ultra
mafic bodies range from 200 to 1500 gammas. 

In the Aroostook area, interbedded volcanic flows, 
pyroclastic rocks, teschenite dikes, nnd manganiferous 
iron formation can be trnced along their trend by char
acteristic aeromagnetic patterns. A 100- to 200-foot 
diabase dike has been traced for more than 25 miles in 
the Danforth area., indicating n possible extensive 
northeasterly zone of fracture. Not only can geologic 
units be traced across areas of sparse outcrop by use 
of aeromagnetic data, hilt interpretntion of these data 

· can be used in areas of intrusive rocks to study the form 
and attitude of instructive bodies. For example, 
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FIGURE 54.1.-Attitude of diabase dike, near Danforth, de
duced from aeromagnetic profi.les A. and B. Bedrock geol
ogy by D. M:. Larrabee. 
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fitting computed magnetic data to the aeromagnetic 
profiles observed over the diabase dike shown in figure 
54.1 suggests that the dip of the dike changes from 
nearly vertical to about 75 degrees southeast where the 
dike is in the granite, but is less steep where the dike is 
in sedimentary rocks. 
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FIGURE 54.2.-Attitude of the gabbro near Moxie Pond as de
termined from aeromagnetic profiles A. and B. 
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FIGURE 54.3.-Shape o.f, diorite body in gr~ite, near Mount 
Katahdin, as detennined ·from aeromagnetic profile. Bed
rock geology by A. Griscom. 

From an examination of several profiles the dips of 
other linear sheetlike bodies, such as the gabbro near 
Moxie Pond (fig. 54.2), can be determined within 15 
degrees. Locally the dip of this gabbro sheet changes 
abruptly from nearly vertical to about 60 degrees north
westward. This change in dip may indicate a signifi
cant structural dislocation in the rocks of this area. 

Isolated magnetic anomalies within a felsic intrusive 
body may indicate mafic differentiates, separate in
trusions, or large inclusions within the intrusive body, 
such as the diorite body in the granite near Mount 
Katahdin (fig. 54.3). A simple two-dimensional 
analysis ( Pirson, 1940) of the aeromagnetic informa
tion (Balsley and others, 1957) gives a rapid estimate 
of the attitude of the contacts, and therefore determines 
the shape of the body. Irregularities in the profile 
near its peak indicate inhomogeneities in the diorite 
but do not materially affect the interpretation. 

Magnetic slate containing pyrite and pyrrhotite is 
interbedded near Bingham with calcareous slate. The 
attitude of the slate, obtained by fitting computed data 
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to observed profiles, possibly indicates -a significant fold, 
which may be either an asymetric syncline or an over
turned anticline (fig. 54.4). 

Some plutons, such as the intrusive quartz monzonite 
on I-Iog Ishtnd (fig. 54.5), are outlined by a more mag
netic rim of hornfels, whereas other plutons, such as 

. the granite u.t Bald Mountain, are not shown by the 
mu.gnetic dttta., bemtuse they are not rimmed with mag
netic metamorphosed rock. Bodies of gabbro and 
diorite commonly have a border more magnetic than 
the interior. Interpretation of magnetic profiles is 
sometimes complicated by these magnetic borders or by 
rims of hornfels; in such cu.ses, however, much struc-

tural information, particularly the attitude of contacts, 
can be obtained by analysis of selected aeromagnetic 
data. 
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55. CORRELATION OF AERORADIOACTIVITY DATA AND AREAL GEOLOGY 

~ By RoBERT B. GuiLLOU and RoBERT G. ScHMIDT, Washinbrton, D.C. 

Wm·k dmte in cooperatioo with the U,S. A.tontic Energy Commission 

The correlation of aeroradioactivity data and areal 
geology in several aren~s of the United States is being 
.investigated by the U.S. Geological Survey. · Study of 
uerorndioactivity profiles obtri.ined using equipment and 
surveying techniques developed in the search for de
posits of radioactive materials indicates that aeroradio
activity surveying ca.n be an important adjunct to a 
geological mnpping program. 

Aeroradioactivity surveys are flown nt 500 feet above 
the ground on para.llel flight lines oriented normal to 
geologic trends. A flight-line spacing of a quarter of a 
mile is used for ~etailed surveying nnd a spacing of 
1 or 2 miles is used for reconnaissance surveys. The 
scintillation detection equipment used in the surveys, 
which utilizes six thallium-activated sodium iodide 
crystnls ( 4 inches in diameter, 2 inches thick), has been 
described by Davis and Reinhardt (1957). Gamma 
radiation emanating from the top six inches or so of 
surficial material of a strip a.bout 1,000 feet wide is 
recorded in counts per second (cps) as a continuous 
profile. The cosmic background component is removed 
and the data are compensa.ted for deviations from the 
nomina] 500 foot surveying altitude. 

Correla.tion of aeroradioactivity data and areal geol
ogy is similar to subsurface correlation using gamma
ray logs of drill holes. Radiation units are delineated 
by connecting similar radioactivity features on adjacent 

profiles. The conta.ct between radioactivity units is 
assumed to be the point where a reading halfway be
tween two levels is recorded (fig. 55.1). Each unit 
is considered to represent an a.rea on the ground that 
has a particular content of gamma emitters in the surfi-
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cial material. Where bedrock and residual soil are the 
surficial material, the major and minor aeroradioactiv
ity fe.n.tures match the trends, and, in many places, the 
boundaries of geologic units. In areas of alluvium and 
eolian deposits, the radioactivity units are not related 
to bedrock but reflect the distribution of the transported 
material Water is an effective radiation shield, a few 
inches being sufficient to m.ask the radioactivity of the 
ground. 

The areal distribution of Triassic diabase and sedi
mentary rocks in an area near Bealeton, Virginia, can 
be determined from aeroradioactivity data recorded on 
flight lines spaced a quarter of a mile apart. The three 
contacts between aeroradioactivity units shown in fig
ure 55.1 are within a few hundred feet of the lithologic 
contacts. The width of the diabase unit (about 1,300 
feet) approaches the minimum width of a broad source 
(Sakakura, 1957). Narrower units can be detected 
e.asily but their boundaries cannot be picked accurately. 

A comparison of areal geology and gamma aero
radioactivity has been made in the Savannah River 
area, South Carolina and Georgia (fig. 55.2, index 
rna p) . In the Piedmont part of the area most of the 
granite has a high aeroradioactivity level. (generally 
1,000 to 1,500 cps), the slate is generally low (usually 
below 600 cps), and the metamorphic complex includes 
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FIG.URE 55.2.-Geology and aeroradioactivity of an area in 
Lexington County, S.C. 

areas of high and low aeroradioacti vity. In the 
Coastal Plain part of the area, the aeroradioactivity 
of the Upper Cretaceous and Eocene rocks ranges from 
low to high and the Oligocene and younger formations 
are generally low in aeroradioactivity. 

The change in aeroradioactivity level can be used to 
locate geologic contacts at several places in the Pied
mont part of the area, irrespective of the deep weath-
ering of the rocks. The contact between gr;anite and 
slate in an area in Lexington County,. South Carolina 
(fig. 55.2) is marked by a change in level of about 500 
cps. The sinuous contact between the granite and the 
overlapping Tuscaloosa formation could not be de
lineated with data from flight lines spaced one mile 
apart but on many profiles a good break in radioac
tivity level appears where the contact is crossed. 

Approximately parallel aeroradioactivity units in 
Saluda County, South Carolina (fig. 55.3), indicate a 
zoning in the slate that could not be found in the field. 
The two distinct levels of aeroradioactivity are present 
for more than 35 miles. Areas of Piedmont rocks ex
posed in valleys in the Coastal Plain are, in many 
places, clearly indicated by the radioactivity data.' 

The highest aeroradioactivity levels in the surveyed 
part of the Coastal Plain are in Lexington and north
east Aiken Counties (in part shown on fig. 55.3) . 
Monazite i~ probably the radioactive mineral in these 
irregular areas that occur in residual soil derived from 
Upper Cretaceous and Eocene strata. Mo:nazite and 
other heavy minerals were mined until recently in 
Horse Creek near Aiken, South Carolina, from a large 
placer that probably developed by the reworking of 
Coastal Plain sedimentary rocks. The Coastal Plain 
rocks near Horse Creek are much less radioactive than 
those in Lexington and northeastern Aiken Counties, 
which suggests that the valleys of streams draining the 
more radioactive areas may be favorable sites for 
placer mineral deposits. Alluvium and water shielded 
the placers themselves from detection in this airborne 
survey. 

The radioactivity of the flood plains of the larger 
streams in the Coastal Plain is reln,ted to the geology of 
their headwater areas. The flood plains of tivers hav
ing headwaters in the Piedmont or older Coastal Plain 
formations (the Savannah, Edisto, and Ogeechee 
Rivers) are more radioactive than the adjacent uplands. 
The flood plains of rivers that drain only the younger 
Coastal Plain formations (the Salkehatchie and Coosa
whatchee Rivers) are equally or less radioactive than 
the adjacent formations. 

The correlations between aeroradioactivity data and 
areal geology that have been made in several parts of 
the United States indicate that this technique is a use-
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Geology and radiometry by 
R. G. Schmidt, 1959 
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ful mnpping tool. It is of most value in areas of low to 
moderate topographic relief, residual soil, and poor out
crop, such as the Piedmont. These are the areas, of 
course, in which it is most difficult to determine the dis
tribution and continuity of lithologic units by ordinary 
field methods. 
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56. MAPPING CONDUCTIVE STRATA BY ELECTROMAGNETIC METHODS 

By F. C. FRISCHKNECHT and E. B. EKREN, Denver, Colo. 

Since 1957 the U.S. Geologictil Survey has been study
ing the use of electromagnetic methods in tracing con
ductive strata benen.th .glacial d1~ift in Minn.esota., Wis-

5o77.53 o-oo--o 

consin, a.nd Maine. The objectives ttre to develop tech
niques that can be used in mapping bedrock geology 
in areas of extensive glacial drift or thick residual soil. 
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DESCRIPTION OF METHOD 

In n1ost of these studies the slingrnm m.ethod (Frisch
knecht, 1959) was used. The apparatus consists of 
u, battery-powered source of alternating current, a trans
mitting coil, a. receiving coil, and a ratiometer. The 
rn.tiometer compa,res the signal picked up by the re
ceiving coil with a reference signal transmitted by wire 
from the power source to the ratiometer. The signal 
picked up by the receiving coil varies in ma.gnitude and 
phase with the electrical conductivity and ma<Ynetic 
susceptibility of the earth. The coils are tnov:d to
gether at a. fixed separation which is usually between 
100 and 300 feet. l\1easurements can be ma.de ra.pidly, 
u.nd. becn.use of the con1pactness and portability of the 
eqmpm.ent, the method is well suited for reconnaissance 
work, even in heavy forest a.nd brush. 

CONDUCTORS 

~~lectrorna.gnetic conductors in metamorphic terranes 
of Minnesota., 'Visconsin, and Maine commonly contain 
such metn.llic minern.ls as magnetic, specular hematite, 
and vat•ious sulphides, or graphite and ca.rbon. This 
study is concerned with lithologic units that contain 
concentrations of conductive minerals. Conductive 
beds comprise only a small part of the total volume of 
1nef:n~edimenta.ry rocks in the areas studied but they are 
sufficiently numerous and continuous to be used jn trac
ing bedrock geology. 

For a rock to have high conductivity, conductive 
minernls in the rock must be in the form of connected 
chains or bnnds. Some magnetic taconites containing 
nbundant magnetite have low conductivity because indi-· 
vidual mag-netite grains are insulated from each other. 
Similarly, pyrite crystals in many black slates are dis
seminated and add little to the o~rm·all conductivity of 
the slate. 
Mo~t igneous rocks as well as quartzite, graywacke, 

a.nd l1ght-colored slate have low conductivity and give 
little electromagnetic response. Glacial drift masks 
bedrock anomalies only where it is thick or conductive. 

MINNESOTA AND WISCONSIN 

Shtdies were made over iron formations containin<Y 
both oxidized and unoxidized iron ores in Minnesot~ 
and "Tisconsin. Oxidized iron ores beneath thick de
posits of glacial drift on the Cuyuna. range in Minnesota 
con ld not be detected by the slingram measurements, but 
graphiti~ or other carbonaceous beds associated with 
the hanging-wall formation were readily locitted. Elec
tromagnetic methods should prove useful in mapping 
new areas on the Cuyuna and Mesabi ranges because con
ductive beds commonly occur in the han<Tin<Y-wall 
formntions. b b 

The magnetic taconite rocks of the eastern Mesabi 
and western Gogebic ranges were found to be suffi
ciently conductive over large areas to be traced easily, 
even under considerable thicknesses of glacial drift. 
The contact between the footwall and the iron forma
tion was readily located. However, a noma 1 ies from 
the conductive graphitic strata, which occur in the 
basal part of the hanging-wall formation, make it diffi
eult to distinguish between the iron formation and the 
hanging-wall formation (fig. 56.1). The various peaks 
and troughs on the slingram profiles can be correlated 
from traverse to traverse. If the stratigraphy is 
known on one traverse by drill-hole information or by 
surface exposures, it should be possible to trace a litho
logic unit laterally for considerable distances by means 
of electromagnetic measurements. 

MAINE 

The· most common electromagnetic conductors in 
Maine are 1) graphitic or carbonaceous beds associa.ted 
with black pyritic slates and schists, and 2) massive 
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FIGURE 56.2.-Index map of Maine showing areas of study. 
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sulfide deposits occunmg .m mafic intrusive igneous 
masses. 

Conductors were found in traversing over belts of 
steeply dipping black slate and contiguous rocks in the 
Bridgewater, Shin Pond, Bingham, Greenville, Island 
FuJls, and The Forks quadrangles (fig. 56.2). A black 
graptolite-bearing chert associated with volcanic rocks 
in the Danforth quadrangle was found to be conductive. 

In the Shin Pond quadrangle, from east to west, the 
traverses crossed green slate and graywacke; black, 
pyritic slate and graywacke; volcanic rocks; and a 
co1trse conglomerate (fig. 56.3). The black slate belt is 
about a. quarter of n mile wide bnt the conduc~ive bed 
is commonly less than 200 feet '.vide; Similar conditions 
are found to prevail in nearly every area. studied and 
it is concluded that the presence of black slate is no 
guarantee that a conductor is also present. 

The Shin Pond conductor was traced for several 
1niles by 15 traverses, four of which are shown in figure 

56.a. The anomalies over this conductor are very dis
tinct from "background" variations in the profiles; most 
of the small features in the inphase component are 
caused by steep topography and can be discounted in 
the field. Consequently, there is little difficulty in cor
relating traverses spaced half a mile to one mile apart. 
In other areas such as the Danforth quadrangle, the 
width and amplitude of the anomalies varies greatly 
along the strike of the conducting bed and it is then 
necessary to space the traverses more closely. 
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57. ELECTRICAL PROPERTIES OF SULFIDE ORES IN IGNEOUS AND METAMORPHIC ROCKS NEAR EAST UNION, 
MAINE 

By L. A. ANDERSON, Denver, Colo. 

Electrical properties of rocks in and around a large 
sulfide deposit near East Union, Maine, were measured 
using in-hole logging methods, which included resis
tivity, self-potential, and induced polarization. In 
addition, laboratory measurements were made for 
resistivity, induced polarization, grain density, and 
porosity on core samples taken at two-foot intervals 
from a drill hole that penetrated representative rocks 
in the area. 

The sulfide minernls occur in a peridotite body that 
trends S. 20° '"· and plunges gently to the south under 
quartz-biotite schist. The peridotite is intruded by 
pegmatit:es that are generally associated with mineral
ized areas. Pynhot.ite is the most abundant sulfide 
mineral. Pent.landite occurs along the borders of the 
most massive pyrrhotite-bearing zones, a.nd chalcopy
rite is found as irregular interstitial grains between 
pyrrhotite crystals and as veinlets along the borders of 
pyrrhotite crystals and the silicate minerals. Mag
llet'.ite has formed as an alteration product between 
grains of olivine and pyrrhotite. 

The negative potentials (fig. 57.1) in sections having 
concentrations of sulfide minerals indicate that the 

sulfides are being oxidized. 'Vater samples collected 
below 30 feet revealed an oxygen content of less than 
one part per million, so the rate of oxidation may be 
slow. The low oxidation rate is further suggested by 
the lack of secondary oxidized minerals in the ore zone. 
The self-potential is more negative in the sulfide con
centrations toward the top of the drill hole, suggesting 
a greater rate of oxidation owing to oxygen-charged 
surface waters. 

The resistivity ranges from nearly zero to about 3,000 
ohm-meters; the highest values occur in gabbro and the 
lowest occur in the zone of major sulfide concentration 
and in the graphitic schist below the sulfide zone. 
"There sulfide minerals occur in excess of 5 percent by 
weight, the individual grains are· in physical contact 
with one another, forming continuous conductors. 
Therefore, ::my deviation from the 5 percent sulfide con
tent will result in resistivity n1easurements that are 
either extremely low or are near the true resistivity of 
the host rock. 

The resistivity log of a drill- hole near that shown in 
figure 57.1 shows four major zones of extremely low 
resistivity (fig. 57.2) .· The low resistivity and high 
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hole and core specimens from East Union, Maine. 
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negative self-potential values at depths of 140 to 185 
feet and 195 to 245 feet suggest the presence of sulfide 
minerals undergoing oxidation. The upper and lower 
conducting zones at depths of 85 to 105 feet and 285 .to 
322 feet, respect.ively, on the resistivity log do not 

clearly define continuous conductors. In the lower 
zone, the self-potential has a. high negative value sug
gesting the presence of sulfides, whereas the more posi
tive self-potential values of the uppermost zone indicate 
graphite. The concentration of graphite in the schist 
(fig. 57.1) at a depth of 105 to 115 feet is thought to be 
too low or perhaps too localized to generate a significant 
potenti~il. The induced-polarization measurements on 
core samples from the graphite zone show very little 
response, suggesting a low graphite content within the 
schist. 

Induc~d polarization occurs at a metal-solution inter
face when it is exposed to a flow of current. The energy 
barrier at the interface acts as a resistance in associ~t
tion with a capacitance. During a flow of current, the 
capacitance stores a charge, and upon termination of 
the current flow, the charge wi 11 decay at a rate deter
mined by the time constant of the simulated resistance
capacitance network at the interface. The discharge 
voltage is therefore a measure of the polarization that 
can be induced in a particular rock. Rocks containing 
disseminated sulfides, and therefore numerous energy 
barriers, are good polarizers, whereas rocks containing 
sulfides in the form of continuous conductors are poor 
pol arizers. 

The in-hole induced-polarization log (fig. 57.1) does 
not contribute significant data owing to the apparent 
continuity of the sulfides in the mineralized zones. The 
instrumentation relies upon a constant applied voltage, 
but in highly conductive rocks it becomes impossible to 
generate a potential field because the power supply· is 
virtually shorted. The induced polarization log there
fore closely follows the resistivity, reflecting the in
ability of the system to operate in very conductive 
rock. 

Good correlation exists between the in-hole and .lab
oratory resistivity measurements. Minor discrepancies 
between the in-hole and laboratory resistivity measure
ments are due to local variations within the rock. These 
variations are significant in the core samples but' could 
not be detected in the massive rock. 

The induced-polarization measurements rriade on the· 
core samples give an accurate indication of the content 
and distribution of the sulfides within the mineralized 
zones. The dense barren rocks such as the gabbro 
show negligible polarization effects, and the sulfide
bearing peridotite has a polarization response pro
portional to the sulfide content and to its degree of dis
semination. 

Porosity and grain density of the core samples were 
correlated with the electrical-property measurements. 
The grain density reflects the sulfide content of the peri-
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FIGURE 57.3.-Resistivity and p()larization as a function of 
grain density for mineralized core samples. 

dotite, and as would be expected, tl1.e zones of massive 
sulfides have the highest grain-density values. Low 
porosity values are indicative of the fine-grained texture 
of the representative rocks in this area. 

Polarization and resistivity were plotted with respect 
to the grain density (fig. 57.3). As the grain density 
increases, the resistivity falls ra.pidly (fig. 57.3) indi
cating that a small increase in the sulfide concentration 
will cause a significant decrease in the resistivity. The 
polarization response increases with increasing grain 
density indicating that the sulfide concentration is not 
truly massive -but that sulfide minerals are probably 
distributed in veins that yield high locaJ polarization 
values. 

The in-hole logging measurements show conductive 
zones that may be attributed to sulfide content or to the 
presence of graphite. The resistivity response to sul
fide percentage could not be related quantitatively be
cause of the apparent continuity of sulfide grains where 
the content is in excess of approximately five percent 
by weight. The self-potential log can, in some cases, 
be used to distinguish between sulfides that exist in 
quantities greater than a few percent by their more 
negative self-potentials as compa.red to the self-po
tentials measured in the graphitic zones. 

The laboratory measurements show that induced 
polarization is an excellent 1nethod for estimating the 
relative sulfide concentration. 

The author wishes to express his gratitude to the 
Roland F. Beers Company for allowing access to the 
drill holes and providjng core samples and lithologic 
logs. 

·58. ELECTRICAL PROPERTIES OF ZINC-BEARING ROCKS IN JEFFERSON COUNTY, TENNESSEE 

By G. V. !{ELLER, Denver, Colo. 

An important belt of zinc ore low in iron occurs in 
the J{nox group, of Cambrian and Ordovician age, in 
the area between the towns of l\{ascot and Jefferson 
City, in J{nox and Jefferson Counties, Tennessee. The 
American Zinc Company drilled several dozen explora
tion holes north of the town of Strawberry Plains in 
1957 as part of a Defense Minerals Exploration Ad
ministration project. Electric logs were run in 11 of 
these drill holes to determine whether anomalous elec
trical properties were associated with sphalerite min-

eralization and might serve as a guide for geophysical 
exploration. 

The stratigraphy of the Mascot-.J efferson City zinc 
district has been described by Oder and Miller ( 1945) 
and by Bridge (1956). Sphalerite occurs in repla.ce
nlent deposits in the J{ingsport limestone of the J(nox 
group, which is of Ordovicia,n age. The deposits con
form roughly to the bedding in coarsely crystalline 
dolomitized limestone, and are accompanied by breccia 
filling in associated fine-grained primary dolomite. 
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The J(ingsport 1 imestone consists of 350 to 400 feet of 
limestone and dolomite, and the main ore horizons are 
in the lower two-thirds of this unit. Sphalerite is the 
only ore mineral, and the gangue mostly consists of 
white crystalline dolomite. 

Drill holes in the Strawberry Plains drilling project 
rn,nged in depth from 900 to 2,700 feet. They pene
trated several formations overlying the Kingsport lime
stone of the }(nox group, including the :Mascot dolo
mite of the J(nox group, Lenoir limestone (including 
the ~{osheim Jnember), the l-Iolston marble, n,nd, in 
the deeper holes, the Ottosee formation. All of these 
are o:f Ordovician age. 
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The resistivity log from a. hole in the Lenoir lime
stone including the Mosheim member, the l\1ascot dolo
mite, and the IGngsport limestone (fig. 58.1), indi
cates that the resistivity of most of the rock ranges 
from 7,000 to over 30,000 ohm-meters, but that in a. 
mineralized zone between 900 and 1,000 feet, it is only 
500 to 6,000 ohm-meters. The assay log for this zone 
shows only a few percent of iron between 950 and 1,000 
feet. This indicates that there is only a little pyrite in 
the rock, and as sphalerite is not conductive the 
higher conductivity in the mineralized zone must be 
due to increased porosity rather than to solid conduc
tion. "\Vhen the resistivity log in the ore zone is com-
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'l'ennessee. 
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pared in detail with the assay log it is found that there 
is no quantitative relation between resistivity and ore 
grade. 

Neither the self-potential nor the induced-polariza
tion logs show as striking a change in the ore zone as 
the resistivity log. The self-potential log opposite the 
ore deflects approximately 30 millivolts in a positive di
rectioi1; why it does so is not known. Induced
polarization response in the ore· zone is about 50 per
cent greater than in adjacent beds, but it is still low. 
It is therefore unlikely that either the self-potential 
method or the induced-polarization method would be 
of any use in exploring for ore such as is penetrated 
by this drill hole. 

The large resistivity contrast between ore and bar
ren rock does offer some hope that galvanic or inductive 
resistivity methods can be used. To determine the 
limiting conditions, such as depth of burial, for which 
electrical methods might work, average resistivities for 
the ore and overlying rocks were calculated (table 58.1) 
using Kalenov's method (1957). 

The probable results of resistivity depth soundings 
may be calculated on the basis of the data. in table 58.1. 
The low coefficient of macro-anisotropy for the rocks 
overlying the ore zone reflects the electrical uniformity 
of these rocks and provides ideaJ conditions for re-

TABLE 58.1.-Average electrical resistivities from the log shown 
in {igttre 58.1 

Aver~e Aver~e Coefficient 
Rock unit Tmnsverse Longitu Ina! of macro-

resistivity resistivity anisotropy 
(ohm-meters) (ohm-meters) 

Lenoir limestone (excluding Mosheim 
member) ___ -------------- ____________ 7, 550 5,800 1.14 

Mosheim member of Lenoir limestone __ 15,500 14,700 1.04 
Mascot dolomite ________________________ 12,700 11,300 "1.07 
Kingsport limestone (barren) ___________ 13,800 13,400 1.01 
Ki.ngsport limestone (mineralized) ______ 820 260 1.77 

sistivity depth soundings. The large coefficient of 
anisotropy for the ore zone is a1so a favorable condi
tion. In the case illustrated in figure 58.1, for example, 
the conducting zorie would appear on a depth-sound
ing curve as 177 feet thick, rather than 100. Using 

·charts prepared by Mooney and Wetzel (1956), depth
sounding curves were drawn that would be obtained at 
the location of the drill hole in figure 58.1 for various 
depths of burial (fig. 58.2). On these curves the ef
fect of the ore horizon could easily be seen even when 
the depth of burial was 700 feet. The theoretical curves 
are based, however, on the assumption that the lateral 
extent of the conducting zone is infinite, and if it is less 
than several thousand feet the effect on the sounding 
curves will be reduced. 
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FIGURE 58.3.-.Mutunl impedance ratio between loops above a thin conducting sheet from model data. 
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It is also likely that the conducting zone might be 
detected by using electromagl).etic methods (EM) for 
measuring conductivity. Mutual coupling curves were 
obtained for the case presented in table 58.1 for several 
depths of burial of the conducting zone, using an EM 
model (F. C. Frischknecht, oral communication). In
phase and out-of-phase components of the mutual im
pedance ratio for loops raised in air above a thin con
ducting sheet are shown in figure 58.3. The symbols 
used· are : p. for magnetic permeability of free space 
( 4 1rx10-7 cgs), u for the angular frequency, p for the 
thickness of the conducting sheet and r for the separa
tion between loops, and h is the height of the loops 
above the sheet. 

At a frequency of 5 kilocycles per second, for exam
ple, the affect of overburden would be small : the re
sponse from a thick overburden having a resistivity of 
10,000 ohm-meters would be less than 6 percent in the 
out-of-phase component and less than 3 percent in the 
in-phase component. At lower frequencies the response 
from the overburden would be even less. It is evident 
that the conducting zone could be readily located with 
El\1 methods even if deeply buried. If the conducting 

zone were buried. at a depth of 1,000 feet, and if a coil 
separation of 2,000 feet were used, the in-phase com
ponent would be 112 percent and the out-of-phase com
ponent 'vould be + 13 percent, representing anomalies 
of 12 and 13 percent respectively (fig. 58.3). 
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59. TERRAIN CORRECTIONS USING AN ELECTRONIC DIGITAL COMPUTER 

By MARTIN F. KANE, Washington, D.C. 

Computation of terrain corrections for gravity sta
tions in irregular or mountainous terrain is the most 
time consuming part of the reduction of gravity data. 
Because of the variable nature of terrain, a correction 
is usually made by dividing the area around a station 
into a series of zones and compartments, and computing 
the terrain effect of each compartment. The effect of 
any compartment is a function of its elevation, size, and 
position relative to the gravity station. The sum of 
the effects of all the compartments is the terrain cor
rection. 

In conventional methods, t.he computation is made by 
first dividing the area into a series of circular zones 
concentric about the station, and then subdividing each 
zone into compartments of equal area. The gravity 
attraction of a circular zone on a point at its center is 
readily calculated, and the attraction of a compart
ment is a simple fraction of the attraction of the whole 
zone. The final correction usually includes an area 

within a 5- to 15-mile radius of the station, so that for 
surveys with a station-spacing of a few miles or less, 
considerable overlap occurs between the compartments 
·about adjacent stations. Because of the relationship 
between the correction formula and the concentric ar
rangement of the compartments, however, the eleva
tion data assembled for one station are not applicable 
to another. In gravity surveys with a dense station 
network, it is necessary to consider the same topography 
many times over. 

A method that makes use of electronic computers has 
been developed to expedite the computation of these 
terrain corrections. In this method the topography of 
the entire survey area is converted to digital form by 
dividing the terrain into kilometer squares and tabu
lating the average elevations of the terrain within the 
squares. The average elevations are punched on cards 
and stored in the computer memory. They are not 
sufficiently precis·e for the area close to the station where 
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small changes in topography cause large terrain ef
fects; and they are unnecessarily precise for distant 
areas where large changes in terrain contribute little, 
if any, terrain effect. The com.puter correction there
fore, is limited to a.n area 40 by 40 kilometers square 
with the station at the center, and excludes a central 
aren, 2 by 2 kilometers square. The terrain beyond 40 
kilometers can be safely ignored in most places, and 
the terrain within 2 kilometers of the station can be 
easily calculated by conventional methods. 

The electronic-computer method was programed 
and tested on the U.S. Geological Survey's Datatron 
205 for gravity stations in a moderately mountainous 
area in southern Nevada. The results were compared 

with conventional calculations for 10 stations and 
showed a maximum difference of 0.1 milligal. The 
electronic computer method is considerably faster and 
is internally more consistent because it uses identical 
field data for all corrections. The cost is presently 
·about twice that of conventional methods, but this will 
be reduced by a factor of four when the program is 
completed for the newer and faster Datatron 220. The 
cost depends, to a great extent, on the station spacing, 
and the greatest savings are realized in surveys with 
a relatively dense network of stations. In surveys 
where the stations are widely spaced the method is 
more expensive, but its increased speed and improved 
internal consistency may justify the additional cost. 

60. APPLICATION OF GRAVITY SURVEYS TO CHROMITE EXPLORATION IN CAMAGUEY PROVINCE, CUBA 

By W. E. DAVIS, ,V. H. JACKSON, and D. H. RICHTER, Washington, D.C., Denver, Colo., and Hawaiian V~lcano 
Observatory, Hawaii 

Work done in cooperation with the General Services Administration 

Chromite deposits in the Camagiiey district, Cuba 
(fig. 60.1), occur in an u ltrama.fic complex that consists 
principally of a. lower serpentinized peridotite and 
dunite member and an upper feldspathic member. The 
complex was intruded into a series of metamorphic 
rocks as a nearly stratiform mass, and is unconform
ably overlain by Upper Cretaceous volcanic rocks inter
bedded with limestone and chert. Folding, probably 
concurrent with ove1thrusting from the north during 
ea.rly Tertiary time, has formed a number of long arcu
ate structures. Subsequent uplift was followed by ero
sion that has removed n1ost of the overlying volcanic 
a.nd feldspathic rocks except in deep synclinal areas. 
The deposits a.re irregular tabular bodies ranging in 
size from small pods to masses several hundred feet 
long that contain 200,000 tons or more, and occur in the 
upper part of the serpentinized rocks within half a 
mile of the feldspathic member. 

Detailed gravity surveys made in this district be
tween August 1954 and April 1956 successfully deline
ated bodies of high-density materials and, combined 
with evidence revealed by geologic mapping, helped 
guide exploration for chromite by drilling. The 
methods and principal results of this survey have al-

ready been published in a geophysical journal (Davis 
and others, 1957), but some of the results are repeated 
here to caJl wider attention to the potential use of 
gravity methods in the exploration of ultramafic com
plexes. 

The differenee in density between the chromite con
tained in commercial deposits of the district and the 
serpentinized peridotite and dunite is about 1.5 grams 
per cubic centimeter. This difference is sufficient for 
chromite masses lying a,t commercially exploitable 
depths to c~n~se positive gr~tvity anomalies of more 
than 0.5 gravity unit (0.05 milligal). Feldspathic 
rocks in the serpentinized peridotite a.nd dunite range 
in density from 2.4 to 3.0 g per en em. Some of these 
rocks are dense enough to ca.use anomalies of much 
the same latera.l extent n.nd magnitude as the chromite. 
Similar anomalies are a.lso created by density contrasts 
between different parts of the serpentinized masses, 
which vary in density from 2.2 to 2.8 g per cu em. 

During a 20-month exploration program in nine 
areas embra.cing about 12 square miles (fig. 60.1), a 
large number of anomalies with a. gravity relief of 0.5 
gra.vity unit or n1ore were found and evaluated acco·rd
ing to geology, areal extent, and gravity relief. Those 
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FIGURE 60.1.-Index map showing location of areas investigated by the U.S. Geological Survey in the Camagi.iey chromite 
district, Cuba. 

not obviously associated with feldspathic rocks were 
selected for drilling. To guide the drilling, depths to 
the top and center of hypothetical bodies that would 
cause anomalies of similar magnitude were computed in 
terms of chromite and feldspathic rock. 

Test holes from 27 to 375 feet in depth were drilled 
on 106 gravity anomalies, which constituted probably 
less than a third of the total number found. These 
holes revealed that 10 anomalies were over deposits of 
chromite, 47 over feldspathic rock, 40 over dense parts 
of the serpentinized rocks, 2 over deposits of magnesite
talc-quartz rock, and 7 over serpentinized rocks, cored 
samples of which did not indicate sufficient density to 
cause variations in gravity. Drilling on five of the 
chromite deposits revealed about 236,000 tons of 
chromite, of which 19,000 tons was disseminated ore. 

It was estimated that 6,000 tons of shipping-grade 
chromite and 6,000 tons of disseminated chromite was 
contained in three other deposits that were not blocked 
out. No estimate was made of the tonnage in two small 
chromite deposits. 

A residual gravity anomaly associated with a deposit 
containing 115,000 tons of chromite is shown in figure 
60.2. The anomaly is prominent and of a regular shape, 
involves 12 stations, and has a gravity relief of 1.6 
gravity units. It delineates the chromite deposit fairly 
accurately. The chromite body comes within 10 feet 
of the surface (fig. 60.3), and dips steeply toward the 
southwest. Most of the ore lies below 75 feet, and the 
bottom of the deposit is between 224 and 250 feet deep. 

The investigation revealed that in the Camagiiey 
chromite district detailed gravity surveys combined 
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FIGURE 60.2.-Residu:al gravity anomaly over a chromite deposit containing 115,000 tons. 

with geologicn1 mapping ca.n be used to delineate areas 
in which chtomite may be found, ~nd to obtain data for 
locating and determining depths of drill holes. Evalua
tion of the n,nomalies on the basis of geology, a.real ex-

. tent, and gra.vity relief is helpful in limiting drilling, 

but does not serve to distinguish anomalies caused by 
chromite from those caused by unexposed masses of 
high-density rocks. The accuracy required in measur
ing small gravity differences that are significant in ex
ploration can be attained by using gravimeters having 
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low scale constants, by exercising normal care in han
dling and reading the meters, and by frequently re-ob
serving base sta.tions and a limited number of inter
mediate stations to check the instrumental drift. 
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61. SPECTRAL REFLECTANCE MEASUREMENTS AS A BASIS FOR FILM-FILTER SELECTION FOR PHOTOGRAPHIC 
DIFFERENTIATION OF ROCK UNITS 

By WILLIAM A. FISCHER, Washington, D.C. 

Measurements of the reflectance spectra of several 
specimens of differently colored rocks collected near 
Corona, N.Mex., suggest that certain rocks may be more 
readily distinguishable on aerial photographs that 
record only selected wave lengths of light than on con
ventional aerial photographs. Figure 61.1 shows spec
tral reflectance curves, determined in the laboratory for 
samples of a light-brown sandstone (A), a gray lime-

stone (B), a red shaly siltstone ( 0), and a gray sand
stone (D) . The determinations were made with a 
Bausch and Lomb Spectronic 20 colorimeter with color 
analy.zer reflectance attachment. 

Reflectance curves for A, B, and D are close together 
at the short (blue) end of the spectrum; these rocks re
flect more blue light and will photograph lighter in tone 
than 0, when only the short end of the spectrum is re-

,.), 
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corded (see fig. 61.2). If, on the other hand, only the 
long end of the spectrum is recorded, B, 0, and D will 
photograph darker than A (see fig. 61.3). 

On conventional aerial photographs there is usually 
but little tonal distinction between the various rocks, 
because light-reflectance differences are largely bal
anced out. Figures 61.2 and 61.3 suggest that for rocks 
in .the area tested, film-filter systems could be designed 
that would make it easier than it is now to distinguish 
the different rocks on aerial photographs. Figure 61.2 
was taken with a combination of No. 8 and 47B Wrat
ten filters and records only reflected light less than 500 
millimicrons in wave length. Figure 61.3 was taken 
with a No. 25 'V' rat ten filter and records only reflected 
light more than 685 millimicrons in wave length. 

5577·53 0-60-10 

No aerial photographs taken through selected filters 
have, as yet, been obtained, but experimental rephoto
graphing of aerial color photographs through selected 
filters has shown that tonal differences not readily seen 
on conventional aerial photographs are accentuated on 
photographs that record only selected wave lengths of 
light. This is seen by comparing figures 61.4 and 61.5. 
Figure 61.4 is a conventional aerial photograph; Figure 
61.5 depicts approximately the same are~ on a photo
graph of an ecktachrome transparency rephotogr~phed 
through a No. 47 Wratten filter on panchromatic film. 
Increased tonal contrast may be seen at a on figu,.re 61.5, 
where it marks the contact between two different sur
ficial materials. Filter selection in rephotographing the 
color transparency was based on spectral transmission 
measurements made on a den~itometer. 
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FIGURE 61.2.-Photograph of fresh samples of light-brown 
sandstone (a), gray limestone (b), red shaly siltstone (c), 
and gray sandstone (d), taken through a combination of 
No. 8 and 47B Wratten filters on panchromatic film. Note 
that samples a, b, and d appear lighter in tone than c. 

FIGURE 61.4.-Part of a conventional aerial photo
graph showing several rock types and surficial 
materials of contrasting colors. 

FIGURE 61.3.-Photograph of fresh samples of light-brown 
sandstone (a), gray limestone (b), red sha.ly siltstone (c), 
and gray sandstone (d) taken through a No. 25 Wratten 
filter on panchromatic film. Note that b, c, and d appear 
darker in tone than a. 

FIGURE 61.5.-Part of an ektachrome transparency 
photographed through a No. 47 Wratten filter 
showing same area as figure 61.4. The strength
ening of tonal contrasts between different rocks 
is especially well seen at a. 
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62. TECHNIQUE FOR VIEWING MOON PHOTOGRAPHS STEREOSCOPICALLY 

By RoBERT J. HAcKMAN, Wru;hington, D.C. 

Work done in cooperation with the U.S. Army Corps of Engineers 

T'he U.S. Geological Survey is engaged in n, terrain 
study of the moon. Much of this work is being ac
complished by a. stereoscopic study of lunar photo
graphs. 

To the viewer on the earth, the moon has an appar
ent oscillation, known as libration. Because of this, 
a. zone n.long the moon's perimeter is visible in one 
libration position but not in another. Photographs 
of the moon taken a.t different libration positions have 
n.n -angular difference in view permitting a three
dimensionn.l picture when viewed stereoscopically. 
The maximum angular difference is about 20°. Were 
it not for the libration, the maximum angular differ
ence of view-from opposite sides of the earth-would 
be only ·3A, 0 , much too small for useful stereoscopic 
vision. 

Figure ()2.1A shows the moon at two different libra
tions with respect to an earth station (A and A'), 
Photographs of the moon taken from this station 
would be the same as if photographs of the moon were 
taken simultaneously from two different stations in 

OA -6" c·) 

dA' 239,000 MILES ·~ 
4 

EARTH MOON 
A 

B 

FIOURI<~ 62.1.-A, Diagrrun showing moon at 2 different libra
tions; B, diagram showing how photographs of moon at the 
2 librn.tions are the same .as though they were taken simul
taneously from 2 different points in space. 

space about 50,000 miles apart (fig. 62.1B). The. angu
lar difference of view would be 12 °. 

For best stereoscopic viewing, two lunar photo
graphs should have the same scale, include the same 
area, be taken at different librations, and have image 
shadows that fall in the same direction. Although 
such photogrn phs can be approximately positioned 
under the stereoscope by a trial and error method, a 
systematic method of orientation is best. A procedure 
for properly alining two moon photographs for stereo
scopic viewing is as follows : 

1. Locate on each picture the geometric center of curva
ture." (See fig. 62.2, points A and B.) This can be 
done by geometric construction or by use of a 
circular template. 

2. Identify the conjugate image point of A on the 
photograph to the right (at point A') and con
versely the conjugate image point of B on the 
photograph to the left (at point B'). 

3. Draw a straight line through the center and conju
gate center of each photograph. 

4. Position the photographs under the stereoscope so 
that all four points fall in a straight line (called 
the x-direction, fig. 62.20D) and are in the follow
ing order: A, B', A' and B. Adjust the separa
tion of the two photographs and the stereoscopic 
model is ready for viewing. 

If several moon pictures taken at different librations 
are to be viewed stereoscopically, the following proce
dure for orienting the photographs may be preferable. 
Locate only the geometric center on each photograph. 
Flip one photograph up and down over the other sJ 
that image points nppear to approximately coincide; 
determine the alinement of the two geometric centers. 
Note which geometric. center is to the right and which 
is to the left in respect to the alinement. This will 
determine the right and left members of the stereo
scopic pair. M:aintaining approximate coincidence of 
image points, position the photographs so that aline
ment of the two centers is in the x-direction of the 
stereoscope. Adjust for proper separation, and the 
photographs are ready for stereoscopic viewing. 
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FIGURE 62.2.-Two moon photographs of different libration oriented for stereoscopic viewing with a lens or pocket 
stereoscope. 

Enlarged photographs, approximate scale 1 :4,270,000 
(moon diameter 32"), are more suitable for a detailed 
study of lunar features than the smaller scale contact 
photographs, approximate scale 1 :17,100',000 (moon di
ameter 8"). The ei1largements, however, cannot be 
successfully handled under the desk-type mirror or 
prism stereoscope and must be cut into smaller sections. 
'Vhen enlarged sections of lunar photographs are pre
pared for stereoscopic viewing, allo,nmce must be made 
for the tact that the image position of the geographic 
center of the moon (except at zero lib ration) can be in 
any direction from the geometric center of the photo
graph. A hexagonal format of enlarged sections "·as 
selected since it seemed most useful in accommodating 
the different orientations. Figure 62.3 is an example 
of a hexagonal pattern used on a series of enlarged 
moon photographs. Before the moon photograph is 
cut into sections, the geometric center, E, is located. A 

reference point, F, is then selected near the mean libra
tion or geographic center; the crater Blagg in Sin us 
Media is near this center and will be satisfactory for 
this purpose. An additional reference point is located, 
preferably near the center of each hexagon (examples: 
F', F", etc. of fig. 62.3). The distance and bearing of 
the approximate geographic center, F, to the geometric 
center, E, is then plotted on each hexagon with respect 
to the reference point previously selected (examples: 
E'F', E"F", etc.) . 

The hexagons are indexed and cut apart. The proc
ess is repeated on a second moon enlargement of differ
ent libration. The geometric center is located and 
reference points F, F', etc., of the first enlargement are 
transferred to the second photograph. The image 
points at the apices of each hexagonal section of the 
first. photograph are used to identify conjugate image 
points on each new photograph. (The new six-sided 
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FIGURE 62.3.-Dingram showing how enlarged moon photo
graphs nre subdivided for viewing with a desk-type mirro·r 
or prism stereoscope. 

figures will not be true hexagons. Some will be squeezed 
and others stretched, depending on the amount of in
herent libration. However, each will cover the identi
cal area.) .The distance and bearing of the approx
imate geographic center, F, to the geometric center of 
the second photograph, is then plotted on each new 
hexagonal section with respect to the reference points 
F, F', etc., transferred from the first photograph. The 
same index is used and the enlargement is cut into sec
tions. Additional moon enlargements are prepared in 
a similar manner. Any pair of hexagonal sections hav
ing the same index number and not having opposing 
image shadows can be viewed stereoscopically using the 
same procedure for alinement described earlier in this 
paper. 

Because many features of the moon show up better on 
one photograph than another, depending on the phase 
and libration of the moon at the time the photograph 
was taken, stereoscopic viewing of different pairs of 
such photographs permit the viewer to see many more 
features than would be visible on any single photograph. 

GEOLOGY APPLIED TO ENGINEERING AND PUBLIC HEALTH 

63. SOME THERMAL EFFECTS OF A ROADWAY ON PERMAFROST 

By GoRDON W. GREENE, ARTHUR H. LACHENBRUCH, and MAx C. BREwER, Menlo Park, Calif. 

Work done in cooperation with the Burea11, of Pttblio Roads, Otnoe of Naval Researoh, Air Foroe Cambridge Researoh Center, 
and t;he Bttreau of Yards and Dooks 

The effects of a road way on the thermal regime of the 
ground constitute one of the more important problems 
in permafrost engineering. A sizeable portion of the 
highway maintenance effort in permafrost terrain is di
rected toward repairing the results of differential set
tling and heaving in the subgrade materials. These 
thermal problems have been under study for several 
years by the U.S. Geological Survey in various places 
in Alaska. 

The most conspicuous thermal effect of ·building a 
roadway is probably the increase in variability of 
ground temperature, that is, the increased sensitivity of 
ground temperature to changes in air temperature and 
surface radiation from summer to winter and from year 

to year. The effect is illustrated with data from the 
Richardson Highway in figure 63.1. It is seen that the 
total range of temperature from summer to winter at 
each depth is much greater beneath the roadway than 
beneath tl{e nearby undisturbed ground. In the sum
mer roadw.ays are generally warmer than surrounding 
ground because of greater net absorption of radiation 
by their dark unshaded surfaces, and the absence of the 
cooling effect of evaporating moisture. In the winter 
road ways are generally cooler than the surrounding 
grmmd because snow, which serves as an insulator, is 
removed by plows or wind, or the insulating quality is 
destroyed by compaction under vehicular traffic. A 
larger seasonal range of temperature at the surface 
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FIGURE 63.1.-Comparison of annual temperature ranges at 
selected depths beneath the surface of the roadway and 
nearby undisturbed ground, for the period July 1954 to 
June 1959, mile 130, Richardson Highway, Alaska. 

generally results in a proportionally larger range at 
depth. Where coarse fill materials are used beneath 
the road the effect is accentuated as thermal changes are 
propagated downward with less attenuation in such 
high -diffusi vity, low-moisture-content materials. 

Almost as important as the seasonal range of tem
perature is the change in mean annual temperature be-: 
neath a roadway. Inasmuch as a roadway causes in
creased summer temperatures and decreases winter 
temperatures its effect on the mean is not obvious. 
Mean annual temperatures (for years beginning July 
1) beneath the roadway and undisturbed ground are 
compared in figures 63.2 and 63.3. Shown a;lso is the 
mean annual air temperature as recorded by the 
Weather Bureau at Gulkana Airfield, approximately 
12 miles away. The changes in air temperature from 
year to year are followed by similar changes beneath 
the ground surface. Again the roadway shows a 
greater sensitivity to changing surface conditions. In 
both environments the temperature changes are at
tenuated with increasing depth. 

Now consider the depth of thaw as illustrated in 
figure 63.4. We first notice that the thaw depth is con
sistently greater beneath the centerline of the roadway 
than at peripheral installations. This is the expected 
effect of the increased amplitude discussed above. It 
is interesting to note (figs. 63.2 and 63.3) that· during 
the first three years the more deeply thawing. center
line had lower mean temperatures than the undis
turbed ground. This illustrates the independent roles 
played by amplitude and mean. 

A striking feature of figure 63.4 is the sudden in
crease in maximum thaw depth beneath the centerline 
during ·the summer of 1957, and the persistence of this 
deep thawing in subsequent years. Inasmuch as the 
road was surfaced with asphalt late in the summer of 
1956 it seems reasonable to suspect that the deep thaw
ing was caused by an increase in the net radiation ab
sorption by the dark surface during subsequent sum
mers. If this were so, however, we should expect the 
cumulative thawing index beneath the surface to show 
an increase commensurate with the increased thaw 
depth. That it does not is shown by the data presented 
in table 63.1. The thawing index (maximum cumula
tive degree centigrade-days above freezing) at a depth 
of 5 feet is a rough measure of the quantity of heat 
a vail able to thaw the material below 5 feet. The un
usually warm summer of 19·57 is associated with a large 
thawing index at 5 feet ( 487 degree centigrade-days) 
and· an increase in active l·ayer thickness from 6.9 feet 
to 10.5 feet. It is significant that roughly the same 
amount of thawing was accomplished in 1958 with only 
about half as much heat ( 258 degree centigrade-days) 
and in 1959 with less than one-fourth as much (104 de
gree centigrade-days). Clearly, the deep thawing in 
1957, 1958, and 1959 is not the result of sustained in
crease in summer heat input due to surfacing the road, 
but the result of a progressive reduction in the amount 
of heat required to thaw to 10 + feet; that is, a reduc-

. tion in moisture content. This conclusion is supported 
by the observation that thawing proceeds rapidly in 
ground previously thawed, and much more slowly at 
the degrading permafrost surface. 

The effects can now be summarized in fairly general 
terms as follows. The presence of the road increases 

TABLE 63.1-Thawing index measured at 5 ft below surface of road 
at the centerline compared. with depth of thawing beneath road. 

Year Thawing index, 
(July-June) degree 

centigrade-days 
1954-55________________________________ 108 

1955-56-------------------------------- 140 
1956-51-------------------------------- 172 
1957-58-------------------------------- 487 
1958-59-------------------------------- 258 
1959-60-------------------------------- 104 

Depth of 
thaw 
(feet) 

6. 1 
6. 5 
6. 9 

10. 5 
10. 7 
10. 2 
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the sensonal range of temperature (fig. 63.1) and hence 
increases the sensonal depth of thaw, causing the active 
layer to encroach on permafrost. The roadway is more 
sensitive to random climatic variation from year to 

year (figs. 63.2 and 63.3) a.nd hence the deep thaw is 
accentuated during an· anomalously warm season.. If 
the excess water formed by melting ice in the surficial 
permafrost layers can drain off, the thickened active 
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layer will be drier and more easily thawed in subse
quent years. 

This, of course, will result in a settling of the road
way at the point where this p~ogressive deep thawing 
occurs. The water would be expected to migrate in 
the thawed trough beneath the roadway until it is 
trapped in a basin, or escapes by exterior drainage. 
vVhen it is trapped in a basin, as when the road crosses 
a swale or a large culvert, the water is ultimately re
frozen and some heaving might be expected. In the 
case illustrated in figure 63.4, these effects were prob
ably accentuated by the presence of a 3-foot sand layer 
known to occur between the depths of 8 and 11 feet. 

When the thaw depth exceeded 8 feet it is likely that 
water drained off through this permeable horizon. 
Transport of heat by the moving water probably aided 
the thawing process. 

The continuing study of the thermal budget of the 
subgrade is expected to lead to a more detailed elabora
tion of the thermal and mechanical processes responsi
ble for high way problems in permafrost. A regular 
unbroken series of field measurements, such as that now 
bei1~g obtained through the cooperation of the Bureau 
of Public Roads, will permit a more satisfactory quanti
tative treatment of the problem. 

64. TENTATIVE CORRELATION BETWEEN COAL BUMPS AND ORIENTATION OF MINE WORKINGS IN THE 
SUNNYSIDE NO.1 MINE, UTAH 

By FRANK W. OsTERWALD and HAROLD BRODSKY, Denver, Colo. 

Work done in cooperation with the U.S. Bureatt of Mines 

Violent, spontaneous destruction of coal faces, in 
what are commonly called bumps, endangers and at 
times .destroys life and property in mines of the Book 
Cliffs coal field, Carbon County, Utah. The geometric 
arrangement of pillars, and redistribution of stress, 
causes many bumps, but other bumps, at least in the 
Sunnyside mines, occur at long distances from pillar 
workings (Peperakis, 1958). Much of the Sunnyside 
coal is under marked stress, and while being mined it 
shatters continuously (Clark, 1928, p. 80) and falls 
from the face. Mapping in the Sunnyside No. 1 mine 
to date supports the view that stress is released violently 
in workings that diverge at large angles from the orien
tation of predominant fractures within the coal. Re
cent mining operations in the Sunnyside mines also 
show that, in areas subject to violent bumps, some 
workings nearly parallel to a major fracture direction 
are less subject to bumps and require less roof support 
than nearby workings that intersect major fracture 
directions at large angles. This behavior may vary, 
and the theory here proposed to explain it may later 
have to be modified; it needs to be verified by mapping 
in other parts of. this mine and in other mines, by 
measuring stress distribution iri this and other mines, 
and by further testing of triaxial strength of the coal. 

Fracture zones trending west and north to north-

northwest (fig. 64.1) are common throughout the mine, 
and they, together with other structures, may directly 
influence the distribution and violence of bumps. The 
fracture zones are nearly tabular and consist of steeply 
dipping fractures; individual fractures within a zone 
vary slightly in strike and dip, and most of them are 
not parallel to the trend of the zone. A few of the 
fracture zones are parallel to mine workings and may 
have been formed after the workings were opened, but 
those that strike west and north-northwest are a part 
of the structural pattern of the district and are clearly 
older than the workings. 

In the Sunnyside No. 1 mine, some headings were 
diverted from the normal N. 30° W., and N. 60° E. 
directions to take advantage of changes in strike or to 
make mining easy. Fracture zones at motor road part
ing (fig. 64.1) commonly trend about N. 70° 1V.; other 
zones trending about north-south are common but are 
narrower, less extensive, and less well marked than 
those trending N. 70° W. Where mine workings ex
tend nearly parallel to fracture zones trending N. 70° 
W., rib failures occur frequently, indicating that 
stresses do not accumulate long before being relieved. 
Individual fractures in the zones are rotated inward 
toward the workings. The rotation is aided in part by 
failure of the ribs along new breaks that parallel the 
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bedding near the roof but curve downward into steeply 
dipping fracture zones in the rib. Ribs ·that nearly 
coincide in direction with major fractures are strongly 
rock-bolted, and covered with heavy steel mesh, to pre
vent falls of coal. 

Rib failures occur at much longer time intervals 
along workings that intersect the major fractQre direc
tion at large angles than they do in workings that inter
sect them at small angles (fig. 64.1). Miners report, 
moreover, that severe bum_ps, some of them powerful 
enough to overturn mine cars loaded with sand, have 
occurred during the driving of those headings in the 
parting that intersect the major fractures at large 

angles (fig. 64.1), whereas the bumps that attended the 
driving of headings nearly parallel to the major frac
ture zones were frequent, but so small that they helped 
to make mining easy. 

The correlation here tentatively proposed of bumps 
· with the angle between mine workings and fracture 
zones can be explained theoretically. The theory ap
plies to all fractures, and may explain the observed 
relation between bumps and faults at Sunnyside 
(Watts, 1918; Peperakis, 1958). Bumps originate 
when strain energy stored in coal or in rock is released 
along a fracture; they can be regarded as small earth
quakes of very shallow focus (Richter, 1958, p. 156-
157). ·The fracture may form during the bump, or it 
may be older than the bump. vVhere only small 
amounts of stored energy are released, bumps are an 
aid to mining, but when the amounts are large they are 
a serious hazard. 

While a heading is being driven, abnorm~l stresses 
are concentrated around it. The decrease of these con
centrations away from the face is inversely proportional 
to the cube of the distance ahead of the face, but in
versely proportional to the square of the distance into 
the rib (Isaacson, 1958, p. 119). The highest stress con
centrations occur in a mass of coal whose long axis 
extends into the face at an angle of about 70° with the 
direction of the heading (fig. 64.2) (Isaacson, 1958, p. 
7'8). "Where the heading is near a fault or fracture, 
the volume of highly stressed coal becomes larger than 
where there is no fault nearby (Isaacson, 1958, p. 78) . 
If a heading approaches a fault or fracture that is 
oriented at a large angle to its trend, stress is distrib
uted uniformly over much of the face, and is not con
·centrated in a small volume of coal (fig. 64.2a). A 
violent bump may then occur over much of the face as 
soon as the accumulated stress exceeds the strength of 
the coal. If, on the other hand, the heading approaches 
a fault or fracture that is oriented at a small angle to 
its trend, stress is concentrated behind a small area of 
the face . and causes only small bumps (fig. 64.2b). 
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A HYPOTHETICAL SHEAR-STRESS CONTOURS (ARBITRARY UNITS) 
AROUND HEADING APPROACHING FAULT AT LARGE ANGLE 

B SHEAR- STRESS CONCENTRATION (ARBITRARY UNITS) AROUND 
HEADING APPROACHING FAULT AT SMALL ANGLE 

FIGURE 64.2.-Stress concentrations around a heading dri.ven 
toward a fault. ' 

Small bumps originating at the upper corner of a head
ing approaching an oblique fault were observed in the 
Sunnyside No. 2 mine in 1958. 

When forces generated in mining cause renewed mo
tion along a fault or fracture in a pillar, stress should 
be mainly concentrated in the coal near the ends of the 

fracture and about 70° to the right or left of its trend 
because the highest stress around a crack (Williams, 
1957; 1959, p. 203-204) or a fault (St. Amand, 1956, 
p. 43-44) is ahead of and 70° to the right or left of its 
head. If, therefore, a fracture nearly parallel to a mine 
rib is reactivated, stress will be concentrated in a small 
volume of coal between the fracture and the rib, and 
bumping will occur before a large amount of stress can 
accumulate; but if the fracture makes a large angle 
with the rib, more strain energy will be stored in more 
coal, and failure will be more violent. 

Finally, if the principal lateral stress in a pillar inter-: 
sects a fault or fracture at a large angle, there is little 
slipping along the- break. Laboratory tests have shown 
that smooth preexisting fractures in test cylinders of 
rock subjected to stress are most likely to slip when the 
angle between the fracture and the principal stress di· 
recti on is between 15 ° and 33 ° (Jaeger, 1959) . If, 
therefore, one of the principal stress directions in a 
pillar intersects a fault or fracture at a small angle, 
slippage will occur before much stress can accumulate; 
but if one of the principal stress directions intersects 
a fault or fracture at large angle, a large stress con
centration and a violent bump may result. 
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65. REVIEW OF THE CAUSES OF SUBSIDENCE 

By ALicE S. ALLEN, Washington, D.C. 

Subsidence is the sagging or collapse of the ground 
surface. The area may be large or small; the movement 
may be abrupt or barely perceptible. The need to 
undersbtn.d this phenomenon is increasing with the 
growing number and variety of engineering problems 
that are related to contemporary subsidence. Because 
subsidence problems have been encoui1tered in many 
diverse fields, the Geological Survey has felt it desirable 
to sea.rch the literature of the various disciplines in an 
effort to inventory knowledge of the occurrences and 
causes of subsidence. Some of the results of this search 
are summarized here. 

Presently recognized causes of subsidence include 
compaction of soil and subsurface materials, progressi-\re 
readjustment around cavities, geochemical changes, 
melting, lateral migration of subsurface material, and 
contemporary tectonic disturbance. Rarely is it found 
that subsidence can be attributed without question to a. 
single cause. Though evidence may show that one cn.use 
predomin:ttes, the exclusion of other possible causes is 
not easy because evidence of subsurface processes is 
largely circumstantial. 

Compaction is the most frequently cited contributor 
to the subsidence cases being studied today. Much new 
evidence is becoming available in those areas where com
paction is accelerated by the withdrawal of large quan
tities of artesian water, oil, or gas from subsuface forma
tions. A significant new approach is the measurement 
of the differential compaction that takes place in dif
ferent segments of the subsurface column. In subsiding 
areas in the Sun ,Joaquin Valley, Calif. (Inter-Agency 
Committee on Land Subsidence in the San Joaquin Val
ley, 1958, p. 97-106; 155-156), and in Mexico City (Zee
vnert, 1957), subsurface bench marks have been installed 
at sever:tl stratigraphic horizons for measuring rates of 
differential compaction.· Ground-water hydrology and 
petroleum reservoir engineering techniques are furnish
ing valuable quantitative data on two pertinent factors 
in compaction--pore space and fluid pressures. A check 
on compaction theories is provided by periodic. measure
ments of fluid pressure changes in the producing zones, 
coordinated with subsidence me·asurements as rates of 
pumping increase or decrease. The most spectacular de
velopment in the control of subsidence is the injection 
under pressure of large quantities of sea water into the 
oil-producing zones of the "Tilmington oil field, Cali-

fornia (Stormont, 1959 a, b, and c), to halt subsidence 
and increase oil recovery. 

Subsidence over cavities created by mining has been 
studied for more than a century, and papers that de
scribe cases or analyze the mechanics of mine subsid
ence form the bulk of subsidence literature. Further
more, research on many other mining problems, such 
as strength of roof and pillars, mine drainage, and 
intentional caving, lias application to subsidence. Most 
promising is the modern resurgence of interest in sub
sidence as a part of the total picture of rock mechanics 
(Colorado School of Mines, 1956, 1957, 1959; European 
Congress on Ground Movement, 1957-1959; Interna
tional Strata Control Congress, 1958). 

Several chemical and physico-chemical processes are 
also causes of subsidence. The karst topography and 
thick layers of residuum found in humid climates show 
that subsidence takes place as the result of the solu
tion of carbonate rocks, salines, and under some con
ditions, even igneous rocks. Although a new sinkhole 
may form suddenly by collapse of unconsolidated ma
terials over a cavern, subsidence caused by solution gen
erally proceeds too slowly to affect engineering works. 
Volume changes in clays stemming from changes in 
their state of hydration are being investigated in con
nection with foundation engineering. Oxidation of 
peat, with its extreme reduction in volume, accounts 
for large areas of subsidence. The subsidence of peat 
soils reclaimed by drainage has been studied in the 
San Joaquin delta, California, (vVeir, 1950) and the 
Florida Everglades (Stephens, 1956). Subsidence due 
to melting of large ice masses in permafrost often fol
lows changes in the thermal regime at the ground sur
face, and contributes to the destruction of roadways 
and structural foundations in Alaska and elsewhere. 

Lateral migration of subsurface material includes 
squeezing of plastic clay and salt under load, and move
ment of molten lava beneath the surface. Ground-sur
face movements in response to underground movement 
of lava have been measured at .J(ilauea Volcano in 
Hawaii by high-precision survey methods (Wilson, 
1935), and are being studied currently by the Geological 
Survey (IC J. Murata, 1959, written communication). 
Subsidence occurs at the summit and on· the flanks of 
active volcanoes as the result of stoping, melting, and 
the withdrawal of lava, forming summit calderas, pit 
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craters, sector grabens, and trenches over lava tubes. 
Internal landsliding enhtrges these features and other 
volcanic craters (such as the crater of Vesuvius follow
ing the "gas phase" of the 1906 eruption). Much 
htrger scale subsidence takes place in response to par
oxysmal explosions of ash, as occurred at Crater Lake 
in prehistoric times, at J(rakatau in 1888, at J(atmai in 
1912, and in 1955 at Bezymianny in J(amchatka. 

Appraisal of the role of tectonic movements in sub
sidence is difficult because most suspect areas are also 
areas where compaction is known to be a large factor. 
From the field of seismology, records of tilt, earthquake 
shocks, and ground-movement observations may pro
vide data that can be correlated with subsidence. Eval
uation of tectonic movements versus other factors caus
ing subsidence has been attempted for the Wilmington 
area in California (Gill uly and Grant, 1949) ; the Mis
sissippi Delta (l(olb and Van Lopik, 1958); and the 
coastal Netherlands (Symposium on Quaternary 
changes in Level, especially in the Netherlands, 1954). 
Part of the problem in coastal areas is to judge how 
much of the apparent subsidence of the coast actually· 
represents sea-level rise. This problem has been ap
proached from the analyses of tide-gage records and 
oceanogr~phic studies of eustatic sea-level changes. 

Whatever the local cause or causes of a particular 
case of subsidence may be, all subsidence investigations 
have two common requirements. First, and continuing 
through all stages of any subsidence study, is the need 
for a reliable datum, and for high-precision, repeated 
surveys of the same points, tied into that datum. In 
the United States the Coast and Geodetic Survey's first
order level net, plus special surveys connecting indi
vidual subsiding areas, furnish vertical control (Small, 
1959). Secondly, for those reference points that are 
installed on some sort of manmade structure, the possi
bility that the individual structure may be settling on 
its own foundation must be evaluated. Soil mechanics 
techniques for studying soil consolidation provide ·a 
basis for judging whether subsidence rates recorded at 
individual stations are representative o£ the surround
Ing area. 
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66. A SAMPLE OF CALIFORNIA COAST RANGE LANDSLIDES 

By M.G. BoNILLA, Menlo Park, Calif. 

The landslides in the San Francisco South quad
rangle, California, are probably a fair sample, in regard 
to character and frequency, of those. that are likely to 
become increasingly troublesome throughout the Cali
fornia Coast Ranges as construction increases. This 
area is intermediate in climate between the more humid 
area to the north and the less humid area to the south; 
it contains exposures of most of the rocks common in 
the Coast Ranges; tlnd it is affected by landslides of 
many kinds. 

At least 132 landslides have occurred in the quad
rangle-an average of 2.4 per square mile. These 
exemplify all but 3 of the 16 types in the Highway 
Research Board's classification (Varnes, 1958). Debris 
slides have been by far the most common. Other types 
of slides that have occurred here, named in approxi
mate order of decreasing number, are earthflow, com
plex landslide, slump, sand run, mudflow, debris 
avalanche, block glide, sandflow, debris flow, soilfall, 
rockslide, and rockfall. The only types in the High
way Research Board's classification that ·have not been 
recognized are failure by lateral spreading, rock-frag
ment flow, and loess flow. 

Complex landslides affect the greatest total area, 
followed in decreasing order by earthflows, slumps, and 
debris slides. About 70 percent of the landslides cover 
less than 2,500 square yards apiece, but a few cover 
more than 100,000 square yards apiece. 

Many kinds of material are affected by the landslides. 
About one-thil'd of the slides involve only slope debris, 

consisting mostly of stony clay. Landslides in slightly 
indurated sediments of the Merced formation are al
nwst as common, but nearly all are in the steep sea 
cliffs cut in that formation. Other materials, named in 
decreasing order of susceptibility to slides, are: sand
stone and shale of the Franciscan formation, artificial 
fill, sheared rocks, serpentine, greenstone and chert of 
the Franciscan formation, and clayey sand of the Colrrfa 
formation. No slides are known to have occurred in 
metamorphic rocks of the Franciscan formation. 
Quaternary alluvium, beach deposits, sand dunes, 
marine terrace deposits, and bay mud are not involved 
in sliding iri this quadrangle; probably because they are 
rarely exposed there in steep slopes. 

Landslides occur on slopes ranging from 10° to 55°, 
but most are on moderate slopes; more than one-third 
are on slopes of 2.0° to 25 °. About one-sixth occur on 
slopes of about 40° ; a large proportion of these, how
ever, are on a long sea cliff having approximately that . 
inclination. 

Most landslides are on slopes that face west or south
west; this is in contrast to areas east and north of 
Berkeley, Calif., where Beaty (1956) found that most 
of the shallow landslides were on slopes that face north 
or east. 
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67. ALTERATION OF TUFFS BY RAINIER UNDERGROUND NUCLEAR EXPLOSION, NEVADA TEST SITE, NYE 
COUNTY, NEVADA 

By v. R. vVILMARTH, THEODORE BoTINELLY, and R. E. WILCOX, Denver, Colo. 

Work done in cooperation witk the U.S. Atomic Energy Commission 

The Rainier explosion occurred at the Nevada Test 
Site on September 19, 1957. According to Johnson and 
others (1959, p. 1467-1468) it released 1.7 kilotons of 

energy, raised the tempet:ature to 1,000,000°K and the 
pressure to 7,000,000 atmospheres within a few micro
seconds, and formed a cavity ha.ving a radius of 62 feet 
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within 80 milliseconds. Kennedy and Higgins ( 1958) 
concluded that before the cavity collapsed it was lined 
with a shell of radioactive molte:ri glass about 10 em 
thick, and that during the interval between 30 and 120 
seconds after detonation the cavity was filled with steam 
at 40 atmospheres pressure and a temperature of 
1,500°C. One year after the explosion, a temperature 
of 50°C was measured in a drill hole 60 feet below the 
explosion chamber (Diment and others, 1959, fig. 9-1). 

The Rainier explosion occurred in bedded, indurated, 
porphyritic, rhyolitic to quartz-latitic tuffs in the Oak 
Spring formation, of Tertiary age. As determined 
from samples taken before the explosion and near its 
point of release, these tuffs have a high proportion of 
shards and lapilli, and a high· content of water (table 
67.1). The water is largely in a fine-grained mixture of 
zeolite, clay, beta-cristobalite, and amorphous material 
that has replaced almost anhydrous glass. The zeolite 
is mainly clinoptilolite, a close relative of heulandite, 
but containing more potassium and silica. It has been 
recently recognized as an important constituent of many 
tuffaceous sediments (for example Deft' eyes, 1959; 
Mumpton, 1960; Mason and Sands, 1960). The clay 
appears to be mainly montmorillonite, and the beta-cris
tobalite and amorphous material are presumably com
ponents of opaline silica. 

TABLE 67.1.-Average composition of tuff close to Rainier 
explosion chamber 

Chemical composi
tion, 47 samples 

(percent by weight) 

Si02 
Al20a 
Fe20a 
FeO 
MgO 
CaO 
Na20 
K20 
H20+ 
H20 
co~ 

66. 9 
12. 4 

2. 3 
. 23 

1.1 
2. 4 
1.4 
2. 3 
5. 5 
5. 3 
.6 

Mineral composition, 52 samples 
(percent by volume) 

Phenocrysts_________________ 17. 4 
Quartz ______________________ _ 
Alkali feldspar ________ ,.. ______ _ 
Plagioclase ____ .,. ______________ _ 
Biotite ______________________ _ 

Pyroxene and amphibole _______ _ 
Magnet~te ___________________ _ 

Xenoliths___________________ 6. 9 
Shards and lapilli_ ___________ 68 

Zeolite: Clinoptilolite(?) _______ _ 
Clay: Montmorillonite _________ _ 
Beta-cristobalite ______________ _ 
Amorphous material ____ ..: _____ _ 

Vesicles_____________________ 7. 7 

2. 6 
6. 1 
6. 8 
1.3 
.2 
.4 

6. 9 

. 23 
12 
11 
22 

7. 7 

TotaL ________________ 100.0 100. 0 

The heat and pressure produced by the Rainier explo
sion formed a breccia around the explosion chamber and 
fused some of the tuff to radioactive glass (see Bunker, 
Wilmarth, and Diment, Art. 68). The glass is most 
abundant in the matrix of the breccia, where it forms 
irregular to rounded masses as much as 3 inches wide 

and 1.5 feet long. The glass is black, red, or gray, 
opaque to clear, compact to frothy, and has a vitreous to 
dull luster. Its contacts with adjacent tuff are com
monly sharp, and the tuff is stained brick red for a 
distance of about 2 inches from the glass. 

SmaJl tuff samples from the breccia containing radio
active glass were disintegrated in water and the glassy 
particles examined under a binocular microscope. A 
few of the particles are smooth spheres, 0.1 to 0.5 mm 
in diameter, of clear glass containing bubbles and dark 
streaks, but most of the particles have grooved and 
crenulated surfaces to which tuffaceous material is at
tached. Many of the particles are fragments of stemlike 
and hairlike masses with longitudinaJ markings and 
elongate bubbles and dark streaks. Some masses as 
much as 5 mm in diameter roughly resemble hubs with 
spokes and blunt protuberances. 

Indices of refraction in the glass range from 1.495 to 
1.530, as in medium to silicic natural glass. They vary 
not only from one particle to another but also within 
the same particle: For instance, in one particle they 
range from 1.507 to 1.530, and in another from 1.510 
to 1.528. · 

In thin sections the glass contains minor quantities 
of red to black opaque fragments, and numerous elon
gate bubbles a few millimeters aeross; many of the 
smaller particles are simply hollow spheres. The pheno
crysts in the glass are principally quartz, .feldspar, and 
biotite with diffuse boundaries. Samples from the outer 
edge of the breccia have minute rOUJ:?.ded masses of pale
gray glass in the tuff matrix but show no alteration of 
the phenocrysts. Some of this glass is radioactive. 
These data suggest that fusion began in the tuff matrix, 
and proceeded in some places until only the phenocrysts 
remained ; most of the glass is therefore presumed to 
have resulted from the melting of the zeolite and clay 
of the matrix. 

Tuff samples from the oute!' edge of the breccia zone 
show noticeable changes in texture. They contain many 
dark-gray and brown fine-grained irregular veinlets as 
much as 6 inches wide, a few of which are more radio
active than the adjacent tuff. The mineral content of 
the veinlets, however, appears from X-ray. diffractome
ter analysis to be similar to that of the enclosing tuffs, 
except for a locally greater proportion of noncrystalline 
material. The darker color of the veinlets is presumably 
due to comminution of the tuff during brecciation. 

The principal cha,nges outside of the breccia zone are 
textural Microscopic study of tuff samples taken 70 to 
7 5 feet from the explosion show a network of irregular 
anastomosing veinlets, 0.003 to 0.05 mm wide, filled with 
fine-grained opaque material. In many sections these 
veinlets have no preferred orientation, but in others 
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one direction is dominant. Autoradiographs made a 
year after the explosion indicate that the veinlets are 
not appreciably more radioactive than the intervening 
tuff. Between 75 and 130 feet from the explosion the 
veinlets decrease in size and abundance. At 130 feet 
the largest veinlet observed is 0.003 mm wide and 0.01 
mm long, with tapered ends. 

Index of refraction and optic angle determinations 
on biotite, ·pyroxene and amphibole phenocrysts indi
cate no systematic variation with distance from the ex
plosion. Undulatory extinction in quartz grains ap
pen,rs to be about equally marked in samples taken be
fore and after the explosion, ~cept that it is especially 
marked in some of the remelted tuff. X-ray diffraction 
analyses o:fl phenocrysts and their matrix show ·no 
changes of pattern that can be related to the explosion. 

The change in cation-exchange capacity from the 
breccin, zone outward was determined by ammonia dis
tillation (1-:I. C. Starkey, written com~unication). 
Samples of tuff taken 40 to 135 feet from the breccia 
zone have exchange capacities of 72 to 90 milliequiva
lents per 100 grams. Between 40 and 0 feet the capacity 
decreases sharply, the lowest value ( 50.2 milliequiva
lents) being obtained on a sample adjacent to the 
breccia. .X-ray analysis of the minerals gave about the 
same results for samples having low and high exchange 
capacities. Morey ( 1958) has shown that the clinoptilo
lite in the tuff changes to plagioclase when heated to 
500° C under 5,000 psi of steam for 3 hours, and Mump
ton (1960) has shown that clinoptilolite when heated 
above 700° C in air decomposes to amorphous material. 
The decrease in cation-exchange capacity toward the 
breccia zone may therefore be related to alteration of 
the zeolite by heat from the explosion. 

Differential thermal and thermobalance analyses of 
tuff samples taken before the explosion show that the 

main effect of heating in air· to 700° C is loss of water ; 
upon cooling, however, the tuff regains the water. 
Samples taken after the explosion, 5 to 10 feet outside 
the breccia zone, give similar results, indicating that the 
temperatures and pressures at these distances were not 
high enough to cause any drastic change in the mineral 
constituents. 

Thermoluminescence cur,ves of tuff matrix from 
samples 2 to 70 feet outside the breccia zone show only 
minor differences, which cannot be related directly to 
the explosion. 

We are grateful to Dr. Barrie Bieler and the Dow 
Chemical Company, Rocky Flats, Colo., for providing 
facilities and for help in preparing thin sections of the 
radioactive glass, and to John R. Dooley of the Geologi
cal Survey for making autoradiographs. 
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68. DISTRIBUTION OF GAMMA RADIOACTIVITY, RADIOACTIVE GLASS, AND TEMPERATURE SURROUNDING 
THE SITE OF THE RAINIER UNDERGROUND NUCLEAR EXPLOSION, NEVADA 

By c. M. BuNKER, w. H. DniENT, and v. R. WILMARTH, Denver, Colo. 

Work dane in cooperation with the U.S. Atomic Energy Commission 

The distribution of anomalous gamma ,radioactivity 
and temperature produced by the Rainier explosion of 
September 19, 1957, was determined in drill holes and 

in tunnels driven through the zone disturbed by the 
explosion. The 1.7 kiloton .nuclear explosion was 900 
feet vertically below the· surface of the ground, in 
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bedded tuff of the Oak Spring formation. The pore 
space of the tuff (about 30 percent by volume) was 
saturated with water (ICeller and Robertson, 1959). 

DISTRIBUTION OF RADIOACTIVITY 

Gamma radi9activity was determined with scintilla
tion and Geiger-Mueller sensing elements from Sep
tember 1958 to February 1960 (Bunker, 1959). 

~'tost of the anomalous gamma-radioactivity is con
centrated below the explosion point (fig. 68.1), and 
most of it is contained in glass formed by the explo
sion. The distribution of radioactivity supports the 
theory developed by Johnson and others ( 1959) that 
the explosion formed a cavity, lined with radioactive 
glass, the upper part of which collapsed shortly after 
the explosion. Most of the radioactive glass is there
fore concentrated in the form of a bow 1 · below the 
explosion point. In this region the outer limit of the 
anomalous radioactivity corresponds closely with the 
outer limit of the breccia produced by the explosion. 
The breccia consists of blocks and smaller fragments 
of rock that were crushed and disoriented by the explo-
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FIGURE 68.1.-Generalized vertical section through the Rainier 
explosion point showing generalized distribution of gamma 
radioactivity greater than about 1 mr per hr. 

sion. Fracturing without disorientation of blocks ex
tends outward from the breccia f'Vilmarth, 1959). 

The outer limit of radioactivity as shown in figure 
68.1 is the line bounding the region of clearly anoma
ious radioactivity as measured in drill holes. This is 
about one milliroentgen per hour (mr per hr), as com
pared with a pre-explosion background of about 0.03 
mr per hr. Anomalous radioactivity undoubtedly ex
tends beyond this limit, but the distance is difficult to 
establish because of the contamination that occurred in 
the drill holes and in the exploratory tunnel while they 
were being driven. Fission products having gaseous 
precursors were found t@ be relatively scarce in the 
radioactive glass (Johnson and qthers, 1959), and it is 
assumed that they moved considerably outside of the 
zone of obvious radioactivity. ICrypton-85, a gaseous 
fission product, was found in a cavity of 385 feet above 
the explosion point about 6 weeks after the explosion 
(Johnson and others, 1958). No anomalous radioactiv
ity was detected in the part of the original tnnnel that 
was accessible after the explosion (radial distances 
greater than 200 feet from the explosion). 

Gamma-radioactivity logs in the tunnel and in some 
drill· holes (fig. 68.2) illustrate the uneven distribution 
of the radioactivity. The log for drill hole D shows 
that radioactivity was small directly above the ex
plosion point but was concentrated toward the edges of 
the bowl. This concentration is particularly well 
shown by the measurements made in the exploratory 
tunnel. 

RADIOACTIVE GLASS 

Radiometric examination of tunnel workings and 
correlation of sample and gamma-radioactivity logs 
indicates that most of the radioactivity is contained in 
explosion-produced glass. Not all of it, however, is in 
the glass. Fine fractions (less than 0.01 mm) of the 
breccia contain some radioactive materials, and so do 
the solids in suspension in water samples from the ex
ploratory tunnel (A. Clebsch, 1959, written communi
cation), but it is not certain whether the radioactivity 
is in finely divided glass or not. 

The appearance of the glass varies widely (Wilcox 
and Wilmarth, 195.9). It may be black, gray, or red, 
opaque or clear, and compact or frothy. Most of the 
black and clear glass is compact and has a vitreous 
luster, whereas the gray glass is frothy and has a dull 
luster. Some of the frothy gray glass contains discrete 
schlieren-like masses of black glass. In some places 
cores consisting of brown clayey material and red com
pact glass are enclosed in shells of black glass. 

Measurements of the radioactivity of glass speci
mens of approximately the same size, made in the ex
ploratory tunnel, indicate that in general the black, 

'-~ 
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FIGURE 68.3.-Sketcb map of part of tl}e exploratory tunnel showing distribU)tion of radioactive glass. 

compact glass is the most radioactive and the gray 
frothy glass the least radioactive. 

The distribution of the glass within the breccia zone 
is far from uniform. Figure 68.3 shows how irregu
larly it is distributed in the walls of the exploratory 
tunnel at a distance of about 70 feet from the explosion 
point. Here the glass forms a thin rind on the surfaces 
of some of the larger blocks, but most of it forms ir
regular masses as much as 3 inches across in the finer 
grained material, and in some places the glass is con
centrated along fractures and shear planes in the 
breccia. 

DISTRIBUTION OF TEMPERATURE · 

Temperature m~asurements were made with bead 
thermistors in four drill holes that are approximately 
in a vertical plane passing through the explosion point 
(fig. 68.4). The measurements were made one year 
after the explosion (Roth and Diment, 1959). How
. ever, the temperature distribution was probably not 
greatly different one year after the e~plosion than it 
was a few weeks after the explosion. The rocks sur
rounding the explosion probably cooled rapidly to the 

boiling point of water because of transport of heat by 
steam through natural and explosion-produced frac
tures, but lost little heat thereafter. 

The distribution of the anomalous temperatures is 
roughly similar to that of the radioactivity, as would be 
expected from the concept of a collapsing shell. The 
asymmetry of the temperature distribution below the 
explosion point may have been due to an open pre
explosion fault which was intersected in the original 
tunnel about 50 feet from the explosion point. Be
cause of many other natural fractures as well as those 
produced by the explosion, it is likely that the actual 
temperature distribution .is much more irregular than 
that shown in figure 68.4. 

The outer limit of the increase of temperature due to 
the explosion is not known. Temperature anomalies 
less than 2° C could not be determined because of ther
mal disturbance caused by drilling and because of the 
limited time permitted for temperature measurements . 
It is likely that in some places where the rock is frac
tured, anomalous temperatures extend several times as 
far from the explosion point as those shown. 
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FIGURE 68.4.~Anomalous temperature distribution in vertical 
plane through Rainier explosion point. Anomalous tem
peratures are in o C and are the differences between the 
temperature observed before and after the explosion. Post
explosion temperature measurements were made 1 year after 
explosion. Preexplosion temperature at explos,ion point was 
16.3° C and the gl'ladient was 0.012° C per foot. 

l'he amount of heat remaining in the rocks, as calcu
lated on the assumption that the distribution of anoma
lous temperature is symmetrical about the vertical line 

shown in figure 68.4 and that the density and specific 
heat have uniform values of 1.8 g per cc and 0.29 cal per 
g deg., was 9 X 1011 calories. The total heat released by 
the Rainier explosion, according to Johnson and others 
(1959), was 1.7Xl012 calories. The amount of heat 
remaining in the rocks surrounding the Rainier explo
sion after one year is therefore roughly equivalent to 
at least half of the total energy released by the explo
sion. This estimate is a minimum because: (a) Anom
alous increases of temperature of less than 2° C were 
ignored for the reasons above stated. (b) Symmetry 
about the Ground Zero drill hole was assumed for the 
heat content computation, but the data suggest more 
heat in the half space to the right of the assumed axis 
of symmetry than in the half space containing the drill 
holes. (c) Water percolating downward from the 
surface and from drilling operations (over 60,000 gal
lons were lost in drilling) reduced the temperatures 
around the explosion point. 
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69. GRAVITY AND SEISMIC EXPLORATION AT THE NEVADA TEST SITE 

By W. H. DIMENT, D. L. HEALEY, and J. C. RoLLER, Denver, Colo. 

Work done in cooperation with the U.S. Atomic Energy Commission 

Gravity and seismic refraction methods have been 
used in mapping the pre-Tertiary bedrock surface in 
parts of the Nevada Test Site (Diment, Healey, and 
Roller, 1959). The use of these methods is not un
usual, but since little has been published about their 
use in such geologic environments as that of the N e
vada Test Site (Mabey, 1956), an account of what was 
done with them there may be of interest as a case 
history. 

F. E. Currey made most of the gravity observations. 
D. G. Murrey did the drilling and assisted in other 
field operations. J. D. Hendricks, C. H. Miller, E. D. 
Seals, and F. N. Valentine assisted in the field -opera
tions and in the reduction of data. 

GENERAL GEOLOGY 

The Nevada Test Site includes Yucca and French
man Valleys, together with surrounding ranges of Ter
tiary and younger volcanic rocks and of Paleozoic 
sedimentary and igneous rocks (fig. 69.1). The surface 
lies 3,100 to 7,700 feet above sea level, and its high 
relief and a scarcity of roads made ·field operations 
difficult. 

The oldest rocks exposed in the area are Paleozoic 
sedimentary rocks of Early Cambrian to probable 
early Permian age. Their aggregate thickness is about 
22,000 feet, of which more than 16,000 feet is limestone 
or dolomite (Johnson and Hibbard, 1957, p. 335). Ex
cept near intrusions they show only low-grade meta
morphism. Their structure is exceedingly complex. 
Extrapolation of Paleozoic units under the cover of 
alluvium and tuff is difficult. The surface of the Pale
ozoic rocks is known to be irregular, with several 
thousand feet of relief. Although part of this relief 
is due to pre-Tertiary and pre-Quaternary erosion, a 
major part of it is the result of Tertiary and Quater
nary faulting. 

The volcanic rocks are in places over 2,000 feet 
thick. They are mostly bedded tuffs, welded tuffs, and 
felsic flows, but in parts of the section they are inter
calated with beds of gravel and thin flows of basalt. 
Although the volcanic rocks are mainly Tertiary, they 
are in small part younger. The Tertiary volcanic 
rocks are extensively faulted. 

Alluvial deposits, ranging from coarse bouldery 
gravels to the fine-grained silts on playas, cover large 
parts of the area and attain thicknesses of over 1,000 
feet. A few fault scarps in the alluvium give evidence 
of recent tectonic activity. 

DENSITY AND VELOCITY CONTRASTS 

The density of the rocks and the velocity of seismic 
waves passing through them exhibit wide ranges; there 
are great differenc~s in these properties among the 
three major groups (Paleozoic rocks, volcanic rocks, 
and alluvium), and also between different rocks within 
each group. Many measurements of density and veloc
ity have been made, but it is difficult to give meaning
ful averages, because the complexity of the region 
makes each locality unique. The proqlem is illustrated, 
however, by the estimates of limits and averages given 
in the following table : 

Natural state density Natural state velocity 1 (fps) 
(g per cc) 

Rock type 

Lower Average Upper Lower Average Upper limit 
limit limit limit 

----
Alluvium _____ 21. 7 21.9 2 2. 2 3 3, 000 3 6, 000 3 8, 000 (?) 
Tuff 4 ________ 1.7 1.9+ 5 2. 3 6,000 8, 000 13, 000+ 
Pre-Tertiary __ 2. 5 (?) 2. 7 6 2. 9 12,000 15,000 6 20, 000 

1 Lower velocities within 100 feet of the surface have been excluded. 
2 Data from A. M. Piper (written communication, 1952) plus consideration of 

gravity anomalies over structures delineated by seismic methods and drilling. 
a Data from Yucca Valley. Velocity increases with depth. 
• From extensive measurements in a 2,000-foot section of tuff in the Rainier Mesa 

(Keller and Robertson, 1959). 
a Welded tuff. 
e Dolomite. 

The average density of the tuff and the alluvium is 
about the same, therefore these rocks have been com
bined in the gravity analysis. Averages must be used 
with caution, especially for the volcanic rocks, which 
in some sections consist mainly of bedded tuff having 
an average den~ity near 1.8 g per cc, whereas in other 
sections they consist mainly of welded tuff ·and flows 
having an average density near 2.2 g per cc. 

The average velocities in the three major groups of 
rocks are significantly different, and it is sometimes 
possible to distinguish the groups with confidence on 
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the basis of time-distance graphs. Usually, however, 
it is difficult to do this, because the range of velocity in 
tuff overlaps that in each of the other two groups, and 
because the buried surfaces of the Paleozoic and vol
canic rocks are very irregular. 

METHODS 

Standard gravity field methods and reduction tech
niques were used. Corrections for terrain were ap
plie'd to a radial distance of 9 miles. Observed gravity 
was based on a value of 979,614.7 milligals at McCar
ran Field, Las Vegas, Nev. (Woollard, 1958). 
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Observed gravity values were reduced to sea level by 
using an elevation factor of 0.06 mgals per foot, which 
corresponds to a density of 2.67 g per cc. This means, 
as a first approximation, that variations in the Bou
guer anomaly values are proportional to the thickness·· 
of the low-density tuff and alluvium overlying bedrock. 
Therefore, in areas that have strong topographic relief 
and are underlain by thick tuff deposits, the Bouguer 
anomaly contours show a marked correlation. with to
pography. To remove this effect, and thus obtain a 
clearer picture of the configuration of the pre-Tertiary 
surface, the gravity values were reduced to a smoothly 
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vnrying dntum using an elevation factor corresponding 
to the density of tuff. Between the varin.ble datum 
nnd sea level a density of 2.67 g per cc was used for the 
reduction. This gives a map on which varin.tions in 
Bouguer n.nomalies nre proportional ( n.s n. first ap
proximati.on) to the thickness of the low-density mn.
terin.ls below the variable dntum. It is necessary to 
recognize thnt the approximate proportionality be
tween the Bouguer anomalies and the thickness of the 
low-density rocks holds good only when the low
density rocks have the form of a horizontal slab of 
infinite extent. 'Vhere the lower surface of these rocks 
has n. steep dip, the approximation may be considerably 
in error. 

The variable dn.tum is n.t the topographic surface in 
areas where the pre-Tertin.ry rocks crop out, and it is 
at that surface, or very close to it, on the smooth bot
toms of Yucca and Frenchman Valleys. In tuff-cov
ered areas of high topographic relief the variable dn.tum 
passes through or nen.r the level of the principn.l stream 
channels, areas on the order of 10 squn.re miles being 
considered. In most of the area covered by the map 
(.fig. 69.1) the variable dn.tum is nearly at the surface; 
the correction can be ignored in all but detailed con
sideration of the anomalies. 

RESULTS 

In figure 69.1 a generalized Bouguer anomaly map of 
part of the Nevada Test Site is superimposed on a gen
eralized geologic mn.p showing the outcrops of Paleo
zoic rocks. Fn.ults are not shown. 

By observing the variation of gravity among areas 
where the Paleozoic bedrock crops out, it can be seen 
that there is a regional gravity gradient of about one 
milligttl per mile to the northeast. It is necessary to 
remove this gradient before depths to the bedrock can 
be computed, and hence it is desirable to hn.ve an ade
qun.te number of well-distributed stations on bedrock. 

The marked gravity lows over Yucca and French
man Valleys indicate thick deposits of alluvium and 
tuff; the maximum thicknesses computed from n. com
bined analysis of the gravity and seismic dn.tn. are about 
3,500 and 2,500 + feet, respectively, for the two areas. 
The gravity map of Yucca Valley shows that the deep
est part of the valley is narrow, and this suggests that 
there are large faults along the sides of the valley. 

The gravity contours are irregular, and they doubt
less would be still more irregular if more stations were 
added. The close reflection of the irregularity of the 
pre-Tertiary surface by the gravity contours illus
trates the usefulness of gravity methods in mapping 
such a surface. For example, the series of gravity 
highs in grids C2, D2, E3, and F3, which represent a 

pre-Tertiary ridge or series of knobs, were not suspected 
before the gr:avity survey. Seismic surveys and drilling 
have shown that the tops of two of the three buried 
knobs having gravity closures over them are less than 
200 feet below the surface. 

Two time-distance graphs illustrate the kinds of in
formation that can be obtained from seismic refraction. 
The long profile (fig. 69.2) was designed to determine 
the depth to pre-Tertiary bedrock near the area where 
it lies deepest under Yucca Valley. The scatter of the 
data probably results mainly from the irregularity of 
the refracting surfaces, but partly from horizontal vari
ations in velocity. This approach gives a general
ized indication of subsurface conditions; much more 
detailed information would be required to improve the 
interpretation significantly. 

The short profile (fig. 69.3) is typical of the refrac
tion profiles over shallow bedrock. It passes near the 
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FIGURE 69.3.-Time-distance graphs and inferred geologic cross 
section along profile 8. 
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top of a bedrock knob (grid C2). The geologic cross
section has been constructed from the time-distance 
data according to a delay-time method described by 
Pakiser and Black (1957). As would be expected from 
inspection of bedrock outcrops, the buried bedrock sur
face is irregular. At the north end of profile 8, where 

· the depth to bedrock computed from the refraction data 
was 105 feet, a drill hole penetrated a layer of cemented 
gravel at 97 feet and dolomite at 132 feet. 
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70. MAXIMUM GROUND. ACCELERATIONS CAUSED BY NUCLEAR EXPLOSIONS AT DISTANCES OF 5 TO 300 
KILOMETERS 

By "V. H. DIMENT, S. W .. STEWART, and J. C. RoLLER, Denver, Colo. 

Work done in coope1·a.Hon 'With the U.S. A.tom·ic Energy Commiss·ion 

Seismic recordings were made of most of the nuclear 
explosions in the Plumbbob (1957) and Hardtack
Phase II (1958) series of nuclear tests (Stewart and 
others, 1959). The vertical, inline, and transverse 
components of motion were measured with instruments 
calibrated for velocity of ground motion in the fre
quency range 1 to 20 cycles per second. 

For underground nuclear explosions in tuff, the fol
lowing empirical scaling relation was developed be
tween th~ maximum single component of acceleration 
(A, in units of gravity), yield (w, in kilotons), and 
distance (D, in kilometers): 

A=0.6W0
·
8 /D2 

Most of the data 011 which this relation is based were 
obtained in the distance range 20 to 70 kilometers, and 
they are supported by the remaining data, obtained in 
the range 5 to 300 kilometers. The standard deviation 
for the distmice exponent and the standard deviation 
for the. yield exponent (excluding pairs of explosions 
that have yield ratios less than ten) are both ±0.2. 
The constant of proportionality varies between 0.13 and 
1.9. These variations are due in part to differences in 
geologic conditions near the r·ecording point. Maxi
mum accelerations recorded on alluvium are several 

times as high as those recorded on tuff or bedrock. The 
better contained explosions appear to give higher ac
('P.leration than those that are less well contained. 

The empirical form of the scaling relation must be 
stressed. Various arguments (Latter and others, 1959; 
Carder and others, 1960) imply that the frequencY.. 
spectrum will become richer in low-frequency compo~ 
nents as the size of the explosion increases. It would 
seem undesirable, therefore, to extrapolate from this 
formula to yields more than about ten times as large 
as that of the largest shot recorded, which was Blanca, 
with a yield of 19 kilotons. (See ,Johnson and others, 
1959, for yields and placement of other underground 
explosions.) 

The devices were exploded near the edge of a mesa 
composed mainly of bedded tuff and capped with 
welded tuff. The local topographic relief is several 
thousand feet. The points of explosion were within 
600 to 1200 feet above crystalline dolomite. The re
sults presented here have restricted application because 
of the unusual character of the bedded tuffs. This rock 
had the following properties before the explosions 
(Keller and Robertson, 1959; Johnson and others, 
1959) : The pore space in the rock was nearly filled with 
water; the wet bulk density was about 2.0 g per cc; the 
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porosity was about 30 percent; the velocity of the com
pressional wave was 8,000-10,000 ft per sec; and the 
cornpressional strength with uniaxial loading under a 
hydrostatic pressure of 1,000 psi was roughly 5 X 103 

psi. 
No scaling relation, similar to that for underground 

explosions, has been established for maximum accelera
tions from explosions in air. I:Iowever, the exponent 
of t-he yield for explosions in air at identical heights 
above the ground is at ]east 0.6, when heights of 500, 750 
and 1500 feet are considered. Explosions in air at 
heights of 500 to 750 feet above the alluvium of Yucca 
Valley cause maximum accelerations whose ratio to 
those caused by underground explosions of equal yield 
in tuff ranges from about 0.2 to 0.02, and averages 
about 0.1. 

The frequency of the waves of maximum acceleration 
for underground explosions ranged from about 2 to 12 
cycles per second. A poorly defii1ed decrease in this 
frequency was noted in the range from 5 to a little less 
than 100 km from the explosions. Frequencies also 
depended on t.he material on which the seismometers 
were placed, higher frequencies being obtained with 
seismometers on bedrock and lower frequencies with 
seismometers on deep alluvium. 
~{aximum accelerations occurred in both body and 

surface waves, but more commonly they occurred only 
in the latter. Quantitative gener~tlization concerning 
maximum accelerations is impossible, because the effects 
of local geologic conditions and the succession of moun
tain ranges and alluvium-filled valleys along the line of. 
observations are unknown. 

Observations within 60 km indicate that explosions 
in air above a nearly flat surface of alluvium more than 

1,000 feet thick are better generators of surface waves 
than explosions in the tuff. 

Seismograms from explosions in air at the same place 
are almost identical wave for wave, except for a.mpli
tude, which is dependent on yield. Seismograms from 
air explosions at the same horizontal position but at 
heights of 500, 750 and 1,500 feet exhibit strong similari
ties in detail. Seismograms from underground explo
sions separated by hundreds to a few thousand feet are 
different in detail, although their general character may 
be the same. Explosions in air where the horizontal 
positions differ by several thousand feet also -exhibit 
differences in detail (see also Carder and Bailey, 1958). 
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71. CATION EXCHANGE WITH VERMICUJLITE 

By MARIAN M. ScHNEPFE, Washington, D.C. 

Work done in cooperation with the U.S. Atomic E1wrgy Ommnission 

Ion exchange of wnste fission products by various 
mineraJs possessing high cation exchange ca.pacities is 
one of the 1nore favorably considered processes for use 
in disposing of radioactive wastes. One of the most 
hazardous fission products found in· the wastes is 
cesium-137. Inasmuch as vermiculite has long been 

known to ha.ve a high cation exchange capacity (Grim, 
1953) and is strongly selective in the sorption of the 
alkalis including cesium (Barshad, 1948) the rate of ion 
excha.nge with vermiculite .was investigated as part 
of a, n1ore deta.iled study of the ion exchange properties 
of this minera.l ( Schnepfe, 1960). Experiments were 
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TABLE 71.1.-Chemical analyses of vermiculite (percent) 

[Analysts, P. L. D. Elmore, I. H. Barlow, S.D. Botts, and 0. W. Chloe. See table 71.2 for source of samples.] 

2 6 8 Average of Range 
8 analyses 

Si02----------------------- 36.4 32 .. 8 29. 3 41. 3 43. 3 36. 7 38. 4 38.4 37. 1 29. 3 -43. 3 
Al203 ______________________ 12. 2 17. 7 10. 0 11. 0 12. 9 12. 2 9. 8 9. 4 11. 9 9. 4 -17. 7 
Fe

2
0

3 
______________________ 7. 3 14. 7 4. 5 5. 8 6. 5 8. 0 2. 6 4. 6 6. 8 2. 6 -14. 7 

FeO _______________________ 50 1. 9 . 22 72 1. 3 76 29 50 77 22-:- 1. 9 
MgO ______________ --------- 19. 7 10. 6 19. 0 20. 1 17. 9 20. 0 27. 2 26. 2 20. 1 10. 6 -27. 2 
CaO _______________________ '2. 1 1. 4 4. 2 1. 2 1.3 1. 6 . 00 61 1. 6 . 00- 2. 1 
Na

2
0 ______________________ 14 10 18 18 . 27 14 . 04 . 06 14 . 04- 27 

K20 _______________________ 2. 0 2. 4 10 3. 4 5. 1 2. 5 04 4. 2 2. 5 .-04- 5. 1 

H20----------------------- 17. 4 15. 8 17. 7 11. 9 9. 3 16. 4 20. 9 12. 7 15. 3 9. 3 -20. 9 
TiO~----------------------- 1.0 2. 2 1.3 1. 6 1. 7 1.0 . 28 72 1. 2 28- 2. 2 
P206----------------------- . 05 11 12 68 . 33 . 05 . 03 . 02 17 . 02- . 68 
M n 0 ______________ -- - - - _·--- 10 19 10 . 08 13 10 . 02 . 02 . 09 . 02- 19 
C02- _______________ --- _- __ 2 1 2. 3 <. 1 11 1 1 9 . 48 < . 1 - 2. 3 
BaS04. _____________________ -------- -------- 10. 0 -------- -------- -------- -------- -------- -------- ------------

made with eight vermiculite samples, seven of which 
were supplied through the courtesy of the U.S. National 
Museum. 

Vermiculite is seldom found in the pure state. The 
wide range in chemical composition of the vermiculites 
used in these studies is shown in table 71.1. The mineral 
content of these samples, a~ determined by .X-ray 
analysis, is given in table 71.2. 

The capacity of these sa.mples for cesium was 
evaluated using sodium chloride saturating solution. 
Preliminary experiments indicated that the different 
vermiculite samples were saturated with sodium ions in 
varying degrees and at widely differing rates. Whereas 
one sample showed no increase in exchange capacity 
with treatment beyond one day, another sample required 
three weeks to become completely saturated under the 
prevailing conditions. It was desirable, therefore, to 
make a more systematic· study of the ·time factor for 
saturating vermiculites. 

Saturation of six 0.5-granl portions of each of eight 
vermiculites was started simultaneously. The rate of 
saturation was followed by determining the exchange 
capacity of one set of samples after 24 hours of treat
ment and then at weekly intervals withdrawing a set 
from the saturation procedure and determining the 
capacities. Table 71.3 gives the ion exchange capacities 
after specified saturation time. The data show the 
saturation time of a vermiculite may vary from 1 day 
to 3 weeks. Therefore, assessment of any vermiculite. 
in regard to its use as an ion-exchanger must not be 
made before adequate time_is allowed for complete satu
ration. That the ion-exchange rate may vary is an im
portant consideration for those who propose to use 
vermiculite as a scavenger for cesium from radioactive 
wastes. 

TABLE 71.2.-Mineral composition of vermicu.lite sa;mples as 
determined by X -1·ay analyses 

u.s. 
National 

Sample Museum 
No. 

Location 
Minerals found by X -ray examina
tion (identification by Daphne 

Ross) 

1 92,626 Libby, Mont ______ Vermiculite, vermiculite-

2 98, 359 Spruce Pine, N.C_ 

3 107, 474 Hillside, Colo _____ 

4 108, 799 Langford Station, 
S.C. 

5 -------- Travellers Rest, 
S.C. 

montmorillonite mixed 
layer, mica-vermiculite 
mixed-layer, and calcite. 

Vermiculite and mica
vermiculite mixed-layer. 

Vermiculite and mica
vermiculite mixed-layer. 

Mica-vermiculite mixed
layer and traces of 
quartz. 

Vermiculite, a mont-
morillonite mineral, 
mica-vermiculite mixed
layer, biotite, quartz, 
and possible amphibole. 

6 97, 385 Libby, Mont______ Mica-v()tmiculite mixed
layer, vet miculite and 
mica. 

7 101, 933 Franklin, N.C_____ Possibly chlorite or diocta
hedral vermiculite and 
mica-vermiculite mixed
layer. 

8 106, 779 South Africa______ Mica-vermiculite mixed
layer or chlorite-mica 
mixed-layer with a trace 
of chlorite. 

PROCEDURE 

The 100-mesh vermiculite sample ( 0.5000 to 1.0000 
gram) is placed in a 15-ml glass-stoppered centrifuge 
tube and 15 ml of 5 N N aCl saturating solution are 

~ 
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'l'ABLI~ 71.3.-0(~tion cwon(mge va,lnes, 1neq;'JOO g1·a,ms 

Vcrmlculltc sample number 
Saturntlon time 

2 3 6 

----------------
1 day •••••••••••••••• ·---------- 143 102 139 100 69 137 159 110 
I wcok •••••••••••••••••••••••• 159 121 143 139 93 159 160 147 

2 weeks •• --------------------- Jfl3 123 143 147 107 159 163 167 

3 weeks •• --------------------- lfl5 125 143 150 119 161 163 171 
4 weeks ••••••••••••••••••••••• lfl3 128 143 150 121 161 163 172 

5 weeks._--------------------· 163 127 143 150 120 163 161 173 

added. The sample is agitated periodically and after 
3 or 4 hours a.t 70° to 80° C is centrifuged and the 
supernatant liquid is discarded. Fresh portions of .the 
saturating solution are added until saturation is com
plete. The sample is then washed with absolute 
methanol until a negative chloride test is obtained with 
acidified silver nitrate solution. The sodium saturated 

sample is then leached with a 15-ml portion of 
2 N NH4CzHaOz (pH7) ; during the leaching procedure 
the sample is agitated gently at intervals of time. After 
approximately 2 hours the sample is centrifuged and 
the supernatant liquid is filtered into a volumetric flask. 
Additiona.I 15-ml portions of the leaching solution are 
used until leaching is complete. The sodium concen
tration of the combined leachings is determined by 
flame photometry. 
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72. PREPARATION OF STABLE GELATIN-MONTMORILLONITE CLAY EXTRUSIONS 

By IRVING MAY, Washington, D.C. 

lVm·lc clone in coopera-tion with the U.S. A.tomio Energy Commission· 

THE PROBLEM 

The relatively high cost and scarcity of nuclear re
actor fuels require that fissionable elements be 
recovered by reprocessing. The waste solutions tha.t 
result. from this reprocessing are so highly radioactive 
that they cannot safely be discharged into the ground, 
rivers, or the sea. Because of this fact they are now 
retained in hu·ge storage tanks. 

Fixation of the radioactive waste elements in stable 
solids would make their long-term storage safer and 
possibly cheaper. One fixation method that has been 
investigated by I:Intch and his associates at the Brook
haven National Laboratory involves the exchange of 
radioactive waste elements on montmorillonite, followed 
by ealcination to fix the exchange radioelements on 
the clay (llatch and others, 1954). In this process the 
exchange column contains clay aggregates prepared 
from 100 parts of montmorillonite chty (Filtrol Corp. 
No. 101, dried at 110° C), 72 parts water, and 0.5 part 
of the soil conditioner 1\:rilium. The resultant 
"crumbs" are extruded through a 0.03-inch orifice into a 
Witter-filled column; the extruded clay filament breaks 
into short. lengths during the filling process. 

It is very desirable to have the clay maintain a well
defined rod structure, because extensive swelling or dis
integration of the rods reduces pore space and causes 
excessive resistance to the flow of solution through the 
column. A study was therefore made of the possibil
ities of producing clay extrusions that would be more 
resistant than the preparation tl~en in use to mushing 
up during a run because of excessive swelling, and that 
could be dried and subsequently be resoaked with
out disaggregating. 

EXPERIMENTS WITH CLAY MIXTURE 

Various drying techniques were investigated first. 
No matter how the extruded clay rods were dried-air, 
oven, slow drying, displacement \vith acetone-the 
dried clay always promptly broke up when placed in 
water. 

I then tried varying the composition of the clay ex
trusions. Preparations made with glycerol substitut
ing for part of the water proved unsatisfactory. The 
addition of a polyethylene glycol compound was also 
found to be of no value. Gum arabic was then tried, 
and ga:ve a product that only partially disaggregated 
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on soaking with water. This result prompted me to try 
gelatin. 

Preparations containing 1 part of gelatin to 10 parts 
of clay give very stable rods. The extruded rods, 
after air-drying, can then be soaked in water for months 
without visible effect. Even after an hour's boiling 
with water, infrared tests by I. A. Breger and chemical 
tests indicated that little if any gelatin had washed out. 

Since first preparing these clay-gelatin mixtures, I 
found that Ensminger and Gieseking (1941) had stud
ied the effect of adsorbed proteins, including gelatin, 
on the base-exchange capacity of clays. From their 
work, one would expect no more than a 15-percent re
duction in the base-exchange capacity of the gelatin
clay mixture in acid solutions, and none in alkaline 
solutions. 

Samples of the dried gelatin-clay extrusions were 
sent to Brookhaven for evaluation. In tests with a 
solution used by them for comparing the performance 
of various clays in columns, this preparation with
stood the passage of four to six times as much solution 
as the best of their clay preparations. There was no 

significant change in the base-exchange ca.pacity of the 
preparation, whose capacity for cesium was determined 
by. them to be 119 milli-equivalents per 100 grams. 

PREPARATION OF GELATIN-CLAY EXTRUSIONS 

Five grams of gelatin (Eastman Kodak No. 1099 
calfskin gelatin) are dissolved in 50 grams of hot 
water. After cooling to room temperature, evaporated 
water (checked by weighing) was replenished. Fifty 
grams of clay (dried at 110° C), mixed with 0.25 gram 
of J{rilium, was added to the gelatin solution while 
stirring. The sample was then extruded by means of 
a large screw-driven steel syringe. The coils of ex
ti·uded clay were dried and then broken into short 
lengths. 
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73. VARIATION OF ALUMINUM, SODIUM, AND MANGANESE IN COMMON ROCKS 

By JAMES R. BURNS, Washington, D.C. 

Work done in cooperation with Office, Chief of Engineers, and the Soil Oon,s"crvation Sm·vice 
I 

Among the elements in soils and rocks that are most 
suceptible to neutron-induced radioactivity caused by 
the use of nticlear weapons or nuclear devices are alu
minum, sodium, and manganese. This makes it desir
able to estimate the degree to which these elements vary 
in abundance from place to place in different rocks, and 
to devise means for predicting their abundance in a 
given rock at a given place when direct sampling is 
impracticable. 

As. a first step, a statistical study was made of 450 
rock analyses compiled from published literature and 
Geological Survey files. Analyses were selected to 
represent only rocks of wide occurrence, and rocks as
sociated with ore deposits were a voided. Suitable and 
complete analyses, particularly with regard to manga
nese, are scarce for the common sedimentary rocks. 
This limited the total number of ana:lyses regarded as 
suitable, because it was considered necessary to have the 

number of analyses representing each rock type roughly 
proportional to the abundance of that type on the 
earth's surface. 

The rocks represented by the analyses used were 
separated into nine chemically distinct categories, found 
to differ significantly in their content of all three ele
ments. Each category consists of several closely re
lated rock types, ~tnd the number of analyses for each 
type is roughly proportional to the world-wide abund
ance of that type. Category I consists chiefly of 
granites, granodiorites, diorites, rhyo1lites, and ande
sites in almost equal proportions. Category II con
sists mainly of gabbros, diabases, and basalts; mis
cellaneous ultramafics make up less than 15 percent of 
this category. The seven other categories are explained 
in table 73.1. Average content of aluminum, sodium, 
and manganese was computed for each category, and 
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'!'ABU<:: 13.1.-Su:nliiiW!rJJ of observed 1;a?"iations of alum~inmn, sodium, a,nd mang(l;nese in common t·oek8 

Constituents (percent by weight) 

Hock category Aluminum Sodium Manganese 
l---...,.-----.----""7""------l---~-------;-------.---- ---------------
A vernge Median Range 1 Remarks 2 Average Median Range 1 Remarks 2 Average Median Range 1 Remarks 2 

--------------1·--·- ------------------------------------------
I. Silicic and Intermediate Igneous rocks_ 

II. M aflc und ultmmuflc Igneous rocks. __ 
III. Siliceous sediments und metasedl-

mnnts (chiefly sundstoncs and 

8.17 
8.10 

quurtzltcs) ___ __ _ _ _ _ _ ___ _ __ __ __ _ _ __ _ 5. 34 

tl. Chert, highly pure sundstonc 
and quurtzltc (SI02 > 90 pcr-
c:cnt) ___________________________ ---------

b. Normul quartz sundstonc und 
quurtzlte (SI02 75 pcrcent-90 
percent) _____ ------------------ ----- ___ _ 

c. Clayoy 11nd urkoslc sandstone 
und quurtzlte, urkose, grny-
wuckc __________________________ ---------

IV. Argillaceous sediments und metasedi-
ments (chiefly shales und slates)__ 8. 05 

u. Nor·mal shule and shlte ___________ ---------
1>. Calcureous shale and slute _______ ---------
c. Siliceous shale and slutc __________ ---------

V. Culcureous sediments and metasedi-
ments (chiefly limestone, dolomite, 
unci marble).-----------------------

VI. Gneiss unci granulite _________________ _ 
VII. Schist and phyllite __________________ _ 

VIII. Amphibolite and greenstone _________ _ 

IX. Serpentlulte. _ ------------------------

.50 
8. 41\ 
8. 02 
7. 75 
. 82 

7. 4 6. 8-9.5 
8.1 6. 0-10.1 

5. 7 1. 05-8. 5 

3 (1.0) (. 04-2. 0) 

(4.0) (2.0-6.0) 

(7. 5) (4. 0-10. 0) 

8. 2 4. 7-12 
(9.0) (6-14) 
(8. 5) (4-14) 
(4. 0) (. 9-6) 

.3 .05-1. 3 
8.3 6. 5-9.5 
8. 3 2. 2-12.6 
8. 2 4. 4-10.0 
.9 . 25-1.2 

A 2.80 2.6 
A 2. 23 2.1 

c 1.58 1.7 

(C) (.I) 

(A) {1. 5) 

(A) (2. 0) 

A . 92 .6 
(A) 
(A) 
(C) 

D .11 .00 
A 2.54 2.3 
A 1.12 .9 
A 1.30 1.3 
A .16 . 12 

1. 8-4.0 A 
1. 2-3.1 A 

.1-2.8 c 

(.01-. 28) {D) 

(. 3-2. 7) {A) 

(1. 2-4. 0) (A) 

.13-2. 0 D 

. 01-. 26 E 
1. 5-4.0 A 
. 2-2.6 D 
. 7-1.8 A 

. 04-.37 B 

0.12 
.18 

0. 10 0. 04-0. 21\ B 
.15 .08-.32 B 

.09 .05 <.01-.24 E 

. 25 . 09 . 01-. 38 E 

. 19 .10 .02-.5 E 

.07 .Ofl .02-. 12 B 

. 23 .10 <.01-. 25 D 

. 18 .15 .08-.3 D 

. 06 .06 .02-.14 B 

1 'l'he most common range Is established, for this presentation. by eliminating the highest 10 percent and the lowest 10 percent of values observed. 
2 Under "remarks", the variability Is summarized ns follows: 

A. At least 80 percent of the values differ from the median by a factor of 2 or less (that Is, fall between H median and 2 times median). 
D. At least 80 percent of the values differ from the median by a factor of 3 or less. 
C. At least (\0 percent of the values differ from the median by a factor of 2 or less. 
D. At least flO percent of the actual values differ from the median by a factor of 3 or less. 
E. At least 70 percent or the actual vulucs differ from the median by a factor of 5 or less, and at least liO percent differ by a factor of 3 or less. 

3 Datu In purenthcses lmve been est! muted for subcategories by visual inspection of the data and by interpretation of lithologic properties· from the chemical analyses; 
other dotu uro bused on uctuul frequency counts or computution. 

other statistical data were obtained by frequency counts 
n.nd construction of cumulative frequency curves. 

'iVithin certain categories, the content of sodium and 
aluminum showed a recognizable relationship to that of 
silicon or calcium, n.nd on this basis it was possible to 
divide categories III and IV each into three subcate
gories, for which medians and ranges were estimated. 
These subcategories represent numerically about the 
following portions of categories III and IV: category 
III: subcategory a., 20 percent; b, 15 percent; and c, 65 
percent; cn.tegory IV: subcategory a, 85 percent; b, 
10 percent; and c, 5 percent. 

Selected results appear in the accompanying table. 
Summaries for each of the first seven ca.tegories are 
based on about 40 to 75 analyses. Eleven analyses were 

used for category VIII, and seven for category IX. 
'Vithin most categories and subcategories the common 
range ( 60 percent to 80 percent of cases observed) is 
one-half M (median) to 2M for aluminum, lj3M to 3M 
for sodium, and lj5M to 5M for manganese. Medians of 
different groups generally differ less than the range 
within a single group. 

These results are intended to provide a measure of the 
broad patterns of chemical variation within major 
groups of rocks. They cannot be directly compared 
with the numerous more refined computations of aver
age composition made by other workers, because each 
rock category of the present study contains several di
verse rock types, each weighted according to its 
abundance. 
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74. PRE-SILURIAN STRATIGRAPHY IN THE SHIN POND AND STACYVILLE QUADRANGLES, MAINE 

By RoBERT B. NEUMAN, Washington, D.C. 

Ordovician graptolites were found in slates associated 
with chert near the mouth of W assataquoik Stream (A 
of fig. 74.1) by W. W. Dodge in 1881, and the trace fossil 
Oldhamia was discovered by E. S. C. Smith aiong the 
East Branch of the Penobscot River in 1928, leading 
him to conclude that beds there are Cambrian in age. 
These early workers, however, did not establish the geo
logic relations between these occurrences. The present 
mapping indicates that both are contained in the same 
anticlinorium, and that they are separated by a great 
thickness of Ordovician volcanic rocks. 

The formation (£g of fig.·74.1) containing Oldha1nia 
was named Grand Falls formation by Ruedemann and 
Smith (1935, p. 354), but this name was preoccupied by 
the Grand Falls chert of Winslow ( 1894, p. 417-419). 
The 0 ldha?n'ia occurs in maroon siltstone and slate both 
at Bowlin Falls (B of fig. 74.1) and at the type locality 
of the formati~:m, which is indicated on the topographic 
map of the Shin Pond quadrangle as the Grand Pitch 
of the East Branch of the Penobscot River (C of fig. 
74.1). Maroon rocks are a minor but conspicuous com
ponent of the formation; its more common constituents 
are gray to greenish-gray quartzite, and gray, greenish
gray, and dark-gray slate. Steep dips and tight folds 
characterize exposures of these rocks, and steeply dip
ping faults of unknown displacement can be identified 
at several places. Although the boundaries of the for
mation are fairly well established in the Shin Pond and 
Stacyville quadrangles, the tectonic pattern and strati
graphic succession within the formation are not yet 
understood. 

Through most of this area the "Gra.nd Falls" forma
tion is overlain by greenstone ( Ov of fig. 7 4.1). Vol
canic conglomerate, graywacke, and fossiliferous tuf
faceous sandstone ( Ovt of fig. 7 4.1) intervene between 
them in the southwestern part of the synclinal belt that 
terminates on Sugarloaf Mountain. These sedimentary 
rocks are a thousand feet thick along Shin Brook; they 
may continue for a considerable distance to the north
east, but poor exposures hamper tracing them in that 
direction. Studies of the fossils from these rocks are 
not yet complete, but the assemblage of orthoid brachio
pods, gastropods, cystid plates, bryozoans, and trilobites 
suggests an early Middle Ordovician age. 

The greenstone and associated rocks have been in-

tensely deformed. Although they have steep dips and 
strong cleavage, they are much less complex in structure 
than the sequence of interbedded quartzite and slate of 
the "Grand Falls" formation which underlies them. 
Some of this contrast may be due to differences in their 
tectonic competency in response to the Taconic and 
Acadian orogenies. Nevertheless, the abrupt lithic 
change, the structural contrast, and the presence in the 
volcanic conglomerate of pebbles of quartzite like that 
of the rocks below, all make it probable that the contact 
between these units is an angular unconformity, and 
that the quartzites and slates were folded before the 
deposition of the volcanic debris. 

Greenstones immediately overlie the quartzite and 
slate units along a contact that follows the East Branch 
for almost ten miles and then swings northward around 
the southern fL'lnk of the anticlinorium. The chert and 
slate (Ovc of fig. 74.1), in which the graptolites were 
found, lie at the southeastern margin of these green
stones, apparently at their top. The present work has 
failed to uncover additional. graptolite localities, al
though similar cherty rocks lie along the eastern border 
of the smaller body of volcanic rock that is probably a 
fault slice. 

Ruedemann (Ruedemann and Smith, 1935, p. 353-
354) identified the graptolites both in Dodge's collec
tion and in one made by Smith at the same locality, and 
concluded that they were of N ormanskill age. My own 
more recent collections, which contain conodonts as well 
as graptolites, do not alter this conclusion. If the vol
canic rocks of the Sugarloa.f-Roberts Mountain belt are 
of ·the same age as those to the southwest, the fossils at 
the base of the former and the top of the latter limit 
the time of their formation to the Middle Ordovician. 

Intruding both the greenstones and the quartzite 
and slate is a porphyritic quartz diorite ( Oqd of fig. 
7 4.1) which contains fragments of greenstone and in 
one place forms the matrix of a greenstone breccia. 
There are two reasons for be] ieving that this diorite is 
of Ordovician age: (a) the abundance of calcite in mi
nute fractures pervading the diorite indicates that it is 
more altered than the Acadian intrusives in the region; 
and (b) cobbles of the diorite occur in conglomerate 
that overlies the greenstone on the east, and at one 
place graywacke associated with this conglomerate 

'>· 
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Fmutu·~ 74.1.-G~'Ologlc map of the pre-Silurian rocks in the Shin Pond and Stacyville quadrangles, Maine. Localities referred 
to in text: A, Dodge's graptolite locality; B, Bowlin Falls, Smith's Oldhatnia locality; .. 0, Grand Pitch of the East Branch 
of the Penobscot River. Geologic mapping by R. B. Neuman, assisted by .John Duane (1957)., R. H. Raymond (1958), 
nnd H. H. Roepke (1959), SUl}plemented by unpublished mapping in the Traveller Mountain quadrangle by D. W. Rankin 
(Vanderbilt University) and in the Island Falls quadrangle by E. B. Ekren (U.S. Geological Survey). Planimetry from 
U.S. Army Map Service Millinocket and Presque Isle 1: 250,000 sheets, and pla<.oe names from the U.S. Geological Survey 
topographic quadrangles indicated. 
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contains fragmentary fossils that are probably of 
Silurian age. 
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75. A COMPARISON OF TWO ESTIMATES OF THE THORIUM CONTENT OF THE CONWAY GRANITE, NEW 
HAMPSHIRE 

By F. J. FLANAGAN, W. L. SMITH, and A. M. SHERwooo, Washington, D.C., Batelle Memorial Institute, 
· Columbus, Ohio, and Alexandria, Va. 

Determining the distribution of uranium and tho
rium in the Conway granite of New Hampshire is part 
of a broader study of these elements in igneous rocks. 
The radioactivity of the red and green phases of the 
Conway granite from the quarry at Redstone, Carroll 
County, N.H., has been discussed by Smith and Flana
gan ( 1956), who observed the differences in radioac
tivity of samples taken at closely spaced, intervals. The 
differing amounts of the major contributors to the 
radioactivity in these samples might also prove valuable 
for future comparison with results obtained from sam
ples taken over wide areas. Analyses of the two phases 
of the granite by W. H. Herdsman (Billings, 1928) in
dicate that potassium should also be classified as a major 
contributor to the radioactivity of the samples. 

Uranium is present in igneous rocks approximately 
in the range 0.1 to 20 ppm and thorium from 1 to 100 
ppm. The determination of these elements in igneous 
rocks, especially that of thorium, is time-consuming in 
spite of continuing improvements in analytical 
methods; potassium, on the other hand, can be deter
mined rapidly by the methods of Shapiro and Brannock 
(1956), and the determination of radioactivity by beta
counting is a simple physical measurement. 

Other investigators, for example Hurley (1956) and 
Adams and others (1958), have described methods for 
determining thorium in the parts-per-million range by 
gamma-scintillation spectroscopy and by alpha-count
ing methods. While thorium can be determined di
rectly by gamma-~cintillation spectroscopy, the method 
may require long counting periods, and the uranium 
content has to be known before the thorium content can 
be calculated from the alpha-counts. Although the 
technique described below probably cannot be used in 
the low (1 to 10 ppm) thorium range and is none too 
accurate for individual determinations, its less stringent 

requirements, such as short counting times (each sam
ple in table 75.1 was counted for five minutes), and the 
use of an average potassium content of the rock under 
study, recommend its use in reconnaissance work where 
replicate samples are available. The useful range of 
the method covers only granites and some granodiorites 
and rocks abnormally enriched in thorium, but the 
method may be useful as an assay tool for low grade 
thorium ores. 

Indirect estimates of the thorium content of uranium 
ores have been made for years by subtracting the 
uranium content of the ore from the radioactivity ex
pressed as equivalent uranium, and then multiplying 
the remaining radioactivity by the specific counting 
rate ratio for U /Th. As the potassium contribution to 
the radioactivity of ura.nium ores is negligible, the cor
reetness of these estimates depends on whether the 
uranium and thorium series ·are in equilibrium. When 
they are not in equilibrium the estimates are of little 
value. 

If we are justified in assuming that radioactive 
equilibrium exists in the Conway granite, the indirect 
thorium values obtained by subtraction can be used in 
estimating the thorium content, despite. the fact that 
both the radioactivity and the uranium and thorium 
content of the granite are two or three orders of magni
tude lower than those of uranium ores. The correctness 
of these estimates, and hence the validity of the under
lying assumption, can be tested by comparing them to 
values determined chemically. 

INDIRECT THORIUM ESTIMATES ) 

To determine if such indirect thorium estimati are 
valid, four samples were picked at random froth each 
of the four groups (weathered and fresh, red and 
green) of samples of the Conway granite from the Red-
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stone quarry (Smith and Flanagan, 1956). Uranium 
was then determined fluorimetrically, potassium by pre
cipitation with tetraphenyl boron, and thorium colori
metrically with thoron ns a reagent, after separation. 
Using the equation eTh=R1 [eU- (U + R 2K) ], where 
R 1 is the U /Th counting-rate ratio for the counting 
system used, eU the radioactivity expressed as percent 
equivalent uranium, U the percent uranium, J( the per
cent potassium, and R2 the J(/U counting-rate ratio, 
estimates of the~ thorium content can be caJculated. 
These estimates and the determined values. of eU, U, 
J(, and Th are sho\vn in ta.ble 75.1. The counting-rate 
ratios used were 4.0 for U /Th and 2,000 for U /I(, in 
accord with the coaxial method of counting (Smith and 
F.lanagan, 1956). 

For comparing the value of the two methods-the 
chemical method and that proposed above-for esti
mating small amounts of thorium, several sta.tisticaJ 
methods are ava.ilable, but the most attractive of these 
is the. one that involves the pairing of observations and 
the use of Student's "t" test on the diff'erences between 
pairs ( Y ouden, 1951). For this test the variances of 
the two sets of data need not be homogeneous. 

After one has noted the differences between the 16 
pairs in column 6, table 75.1, the average difference, 
(l( + 1.5), and its standard deviation, sr~(21.2), can be 
cnJculnJed. The hypothesis to be tested is that the 
avera.ge of the n differences, d, is not significantly dif
ferent from zero, or in other words that tJhe averages 
of the two methods are virtual.ly equal. Substitti-

tion in the equation t =d~n yields t = 0.28. 
8d 

The 95-percent critical value for t with 15 degrees of 
freedom is ± 2.13. As the calculated value is much 
less tha,n the critical value, it can be concluded that there 
is insufficient evidence for stating that the means of 
the two methods are significantly different. It is there
fore :justifiable to use the ca.lculated thorium mean as 
an estimate of the ·mean of the chemical determinations . 
Inspection of these n1eans (table 75.1) shows that the 
mean of the, calculated values is about three percent 
greater than the average of the chemical determinations. 
Although three significant figures for potassium are 
reported in table 75.1, results obtained by rapid analy
sis ( Sha.piro and Brannock, 1956) would be adequate, 
for the second decimal place will not noticeably a.ffect 
the calculated thorium values. 

557753 0-60--112 

TABLE 75.1.-Determination,s of eU, U, K, and Th in swmples of 
Conway granite 

l 2 3 • I • 6 

Character Sample ------
eU u K Th Differ-

calcu- deter- ence 
(ppm) (ppm) . (per- Ia ted mined (4-5) 

cent) (ppm) (ppm) 
-------------

Weathered green. 137 46 7.6 4. 64 61 62 -1 
142 44 7. 5 4.85 49 53 -4 
143 47 8.6 4.64 61 52 9 
144 48 13.5 4.36 51 52 -1 

Fresh green. 113 41 8. 7 4. 46 40 45 -5 
117 41 8.6 4. 69 36 71 -35 
118 44 8. 2 4. 75 48 52 -4 
121 42 10.7 4. 72 31 76 -45 

Weathered red. 123 48 10.5 3.36 85 73 12 
128 55 12.1 4. 25 87 65 22 
131 58 10.8 3.02 128 79 49 
134 51 10. 1 3. 29 98 83 15 

Fresh red. 101 55 14.1 3.44 95 89 6 
103 60 16.6 3. 90 96 98 -2 
109 57 17.8 4.18 73 74 -1 
111 63 16.5 3. 90 108 99 9 

Average_.·····--····· 50.0 11.4 4.15 71.7 70.2 +1.5 
Standard deviation ___ 7.1 3. 4 .60 28.7 16.9 21.2 

When the average potassium contents of the red and 
green phases are used in place of the individual deter
minations in a phase, the average difference between 
the two methods is 0.25 ppm. Although this excellent 
agreement is undoubtedly fortuitous, it demonstrates 
that one need not use individual determinations if a 
reliable determination of average potassium content is 
available. 
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76. POS.SIBLE USE OF BORON, CHROMIUM, AND NICKEL CONTENT IN CORRELATING· TRIASSIC IGNEOUS :11
' 

ROCKS IN CONNECTICUT 

By P.M. HANSHAW and P.R. BARNETT, Boston, Mass., and Denver, Colo. 

Work done in cooperation witlh Connecticut Geological and Natural History Sttrvey 

The general distribution, lithology, and structure of 
the Triassic rocks in Connecticut have been known for 
many years, and three layers of extrusive basalt, some 
of them consisting of more than one flow, are easily rec
ognized where well exposed. In places, however, glacial 
deposits cover all bedrock except a few small outcrops 
of basalt, which are nearly indistinguishable by field 
and microscopic study, and therefore difficult to place 
in proper stratigraphic position. The intrusive rocks 
of different ages differ in character in some places.; near 
Mount Carmel, for example, the porphyritic dikes are 
younger than both the nonporphyritic dikes and a large 
intrusive sheet (C. E. Fritts, written communication, 
November 17, 1959). 

Quantitative spectrographic analyses of 37 random 
samples of Triassic basalt and diabase from the Con
necticut Valley Lowland appear to show differences in 
boron, chromium, and nickel content which may possi
bly aid in correlating outcrops of these rocks, and 
thereby help in interpreting the geologic structure 
(fig. 76.1}. 

REGIONAL GEOLOGY 

The Triassic rocks in Connecticut underlie the Con
necticut Valley Lowland. They comprise a wedge of 
continental sedimentary rocks (red beds) dipping 
gently eastward, intercalated with three layers of basalt 
and cut by at least one intrusive sheet and many dikes 
of diabase. The three basalt layers from oldest to 
youngest, are called the Talcott basalt, the Holyoke 
basalt, and the Hampden basalt. The regional geology 
of Triassic rocks in Connecticut has been described by 
Percival (1842), Davis (1898), Longwell (1922}, and 
Krynine ( 1950). A preliminary geologic map and de
scription of bedrock units is contained in Rodgers and 
others (1959). 

The set of northeast-trending faults, generally down
thrown on the west, cuts the Triassic rocks in the low
land and is especially prominent in the area between 
Meriden and Hartford. Erosion along these faults has 
formed ·many subparallel northeast-trending ridges of 

basalt. As the sedimentary rocks stratigraphically be
low and above the basalt layers are covered by glacial 
deposits, and the basalts look alike both megascopically 
and microscopically, little evidence can be found for 
assigning any basalt outcrop to a particular strati
graphic position. It is necessary, however, to deter
mine the stratigraphic positions of many outcrops of 
basalt before the structure of the Triassic in this area 
can be delineated and interpreted in detail. 

DESCRIPTIONS OF BASALTS 

The basalts are greenish to bluish gray, dense, and 
generally fine grained, but are coarse grained in places 
near the center of a flow. They are homogeneous in 
composition, being composed of augite, pigeonite, and 
labradorite with interstitial chloritic material and ac
cessory magnetite ( ~). In central Connecticut, the Tal
cott basalt commonly has pillow structure and averages 
about 150 feet in thickness, the Holyoke basalt has 
well-developed columnar joints at many localities and 
is about 600 feet thick, and the Hampden basalt shows 
columnar joints in places and is about 160 feet thick. 
Locally each of these basalts consists of more than one 
flow, but where that is true the individual flows cannot 
be traced for more than a short distance, and their 
relative stratigraphic position within the basalt cannot. 
be determined. 

RESULTS OF SPECTROGRAPHIC ANALYSES 

Samples were collected by C. E. Fritts, P. M. Han
shaw, R. W. Schnabel, and H. E. Simpson. The sam
ples included (a) grab samples £rom various levels 
within each basalt layer, and (b) composite samples 
taken at regular intervals stratigraphically across one 
layer. Samples were also taken from intrusive masses. 
No mineralogic zoning of units was noted in the field. 

The analyses indicate that the boron content of the 
Talcott and Hampden basalts is greater than that of 
the intrusive ,rocks. The boron content of the Holyoke 
basalt varies from place to place but averages higher 
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}.,IGUHE 76.1.-Qunntitative spectrographic analyses of boron, chromium, and nickel in 37 samples of Triassic 
igneous rocks from Connecticut. Analysts, P. R. Barnett and X l\1. Conklin, U.S. Geological Survey. 
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than that of the intrusives. If the low boron content 
· of the intrusives is substantiated by further analyses, 
it may be a useful criterion for determining the in
trusive origin of a diabase body where fi~ld evidence. of 
origin is lacking. 

Analyses of the extrusive ~rocks indicate that the aver
age chromium content of the Holyoke basalt is about 
one-half that of the Hampden basalt and .about one
tenth that of the Talcott basalt. Several small outcrops 
of basalt in central Connecticut are inferred, on the 
basis of structural interpretations, to be Hampden, and 
the analyses made thus far have supported these infer
ences. These analyses are not shown in figure 76.1. 

The nickel content of the Holyoke basalt appears to 
be about one-half that of other Triassic volcanic rocks 
in Connecticut. Low nickel content in conjunction with 
low chromium content might therefore permit correlat
ing a basalt outcrop of unknown stratigraphic position 
with the Holyoke. 

The analytical results summarized here are prelim
inary. Analyses of many additional samples, combined 
with field and petrographic study, will be needed to 
establish the trends indicated, their mineralogical re
lationships, and their geologic significance. 
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77. CORAL FAUNAS IN THE ONONDAGA LIMESTONE OF NEW YORK 

By WILLIAM A. OLIVER, JR., Washington, D.C. 

Study of extensive collections of rugose corals from 
the Onondaga limestone in New York State has demon
strated the presenee of two distinct coral assemblages, 
the upper one occupying a much greater stratigraphic 
thickness than the lower. The lower assemblage has not 
been described, and its reeognition makes possible the 
correlation of the beds containing it over a large area. 

The lower assemblage has been found in New York 
·only in discontinuous beds, 2 to 4 feet thick, exposed 
at the base of the formation in the western part of the 
State. Characteristic and common rugose corals from 
these basal beds are Acrophyllun-& oneidense, Ae'lnulo
phyllu'ln exiguu1n, "Oystiphyllum}' sulcatu'ln, "0." 
squanwsunt, Kionelasma sp., Scenophyllum conigerum, 
and Syringaxon sp. Several other, less common, 
species of corals are apparently limited to the lower 
assemblage. Associated forms include Antphigenia 
sp. cf. A. curta, Oentronella sp., Eodevonaria sp. (iden
tified by A. J. Boucot, oral communication, 1959) and 
several other brachiopods, platyceratid gastropods, and 
trilobites. The strata carrying the lower assemblage 
were designated by Oliver (1954, p. 626 and 632) as 
zone B (the A ntphigenia zone) of the Edgecliff 
member. 

The subdivisions of the Onondaga limestone in west
ern New York are shown in figure 77.1 (after Oliver, 
1954). The A1npkigenia zone is lithologically as well 
as paleontologically distinct from the Edgecliff mem
ber and should no longer be included in it. The EdgJ
cliff member is a distinctive coralline biostromal and 
biohermal limestone extending all the way across New 
York State and into Ontario. Paleontologically, it is 
characterized by a eompletely different group of rugose 
corals, here referred to as the upper coral assembiage. 
Among the common genera in this member are 
Acinophyllum, B ethanyphyllum, Billingsastraea, 
Blothrophyllum, Oylindrophyllum, Oystiphylloides, 
Eridophyllum, H eliophyllum, H exagonaria, Siphono
phrentis, and SynazJtophyZlum (see Oliver, 1954, p. 
638-641, for lists of fossils occurring in all members). 
Although some genera occur in both the lower and 
upper assemblages, the rugose corals in the two are, as 
a whole, distinctive on a generic and even a family 
level. 

The upper. coral assemblage, broadly defined, is 
found throughout the Onondaga limestone of New York 
in the light-colored, coarser grained facies (Oliver, 
1954, 1956), and similar corals (families, many genera 
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l!"'roum~ 77.1..-Distribution of principal coi,al faunas in the Onondaga limestone and correlations with sections in Ontario and 
Indinnn-Kentueky. The range of Atnphigenin in western New York is shown on ·the right side of the New York column. 

and some species) are found in the calcareous members 
of the overlying I-Iamilton group. Stratigraphic sub
division (zonation) of the strata carrying the upper 
assemblage is under study, but for present purposes the 
contrnst of this assemblage with the lower one is its 
most significant feature. 

The Onondaga formation has the same character in 
the Niagara Peninsula of Ontario. The Amphigenia 
zone thickens westward (lower brachiopod beds of 
Stauffer, 1915), but in other respects the lower members 
change only gradually and can be recognized as far as 
I:Ingarsville, 60 miles west of Buffalo. 

Between Hagarsville and the vVoodstock, Ontario 
area, 40 miles to the northwest, almost no outcrops are 
known. In the Woodstock area the rocks are com
pletely different from what they are at Hagarsville, and 
Michigan stratigraphic terminology has been applied 
(section included in figure 77.1). The formations of 
the Woodstock area differ from the Onondaga limestone 

in facies and partly in age. At Innerkip, exposures of 
the lower 10 feet of the Bois Blanc formation carry the 
distinctive lower coral assemblage. The total thickness 
of the Bois Blanc is over 100 feet ( Stum.m and others, 
1956); outcrops are few, but according to Best 1 most 
or all of this thickness carries the lower assemblage. 
The pre-Edgecliff Amphigenia zone, in ~western New 
York and adjacent Ontario, can be considered as the 
eastern feather edge of the Bois Blanc formation. 
Lateral discontinuity of the zone in western New York 
(Oliver, 1954), and possibly in the Niagara Peninsula 
of Ontario, suggests that the strata containing the 
upper assemblage may be separa.ted from the Am
phigenia zone by an unconformity. 

The ·upper coral assemblage. is found in the lower part 
of the Detroit River formation ( Amherstburg dolomite 
of Ehlers and Stumm, 1951) in the vVoodstock area, 

1 Best, E. W., 1953, Pre-Hamilton Devonian stratigraphy, southwest· 
ern Ontario, Canada: University of Wisconsin, unpublh:~hed Ph.D. thesis. 
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and also at Gorrie, farther north. The upper two
thirds of the Detroit River formation (Lucas forma
tion of Ehlers and Stumm, 1951) contains a different 
coral assemblage, apparently reflecting environmental 
differences. The Detroit River formation correlates 
with most of the New York Onondaga. The overlying 
Columbus limestone is correlated with the upper part 
of the Moorehouse or Seneca on the presence of Par
aspirifer. These general relationships are shown in 
figure 77.1 

At the Falls of the Ohio River, near Louisville, J(y., 
severa.l zones are recognized, partly on the basis of 
studies by Campbell (1942) a.nd earlier workers (fig. 

• 77.1). The lower coral zone (zone 1) carries the lower 
coral assemblage and is correlated with the Bois Blanc 
formation of Ontario and the pre-Edgecliff Amphi
genia zone of western New York. Approximate cor
relations of zones 2 to 5, which carry the upper coral 
fauna, are shown in figure 77.1. 

CONCLUSIONS 

The corals of the upper assemblage of the Onondaga 
limestone are of distinctly Middle Devonian types. 
They are associated with nautiloid cephalopods of Mid
dle Devonian a.ge (R. H. Flower, oral communication, 
1959), and with rare goniatites that are also of Middle 
Devonian age (M. R. House, oral communication, 
1959). There is little doubt that the ne~trest faunal 
affinities of the corals and cephalopods from the Onon
daga. limestone of New York (exclusive of zone B) and 
its correlatives are with the Couvinian ( ea.rly Middle 
Devonian) of Europe. 

The corals of the _lowe:r assemblage are associated 
with brachiopods referred to the Schoharie fauna of 

Cooper and others ( 1942, p. 1780). The Schoharie grit 
underlies the Onondaga limestone in east-central New 
York and carries some at least of the corals occurring 
in the lower assemblage. Most of the arguments for 
regarding the Onondaga limestone as Early Devonian 
have been based on faunas (principally brachiopods) 
of units correlative with the Schoharie rather than 
with the Onondaga proper. The corals of the lower 
assemblage are more closely related to kno,vn Middle 
Devonian corals than to Early Devonian ones, but the 
species and many of the genera are not known to occur 
outside of northeasten1 North America and may be en
demic to that area. The age of the pre-Edgecliff 
Amphigenia zone and its correlatives may be late Early 
Devonian (Emsian of Europe), but present knowledge 
of the lower corals neither proves nor disproves this. 
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78. GEOPHYSICAL AND GEOLOGICAL INTERPRETATION OF A TRIASSIC STRUCTURE IN EASTERN 
PENNSYLVANIA 

By ismoRE ZIETZ and CARLYLE GRAY, 'Vashington, D.C., and Bureau of Topographic and Geologic Survey, 

Harrisburg, Pa. 

Work done in cooperation with the Bureatt of Topographic and Geologic Swrvey, Commwnwealth of Pennsylvania 

GEOLOGY 

The Triassic rocks of the Newark-Gettysburg basin 
are extensively exposed in Bucks County, eastern Penn
sylvania (McLaughlin, 1959) (fig. 78.1). Here the 

basin contains three sedimentary formations; these are, 
in order of increasing age, the Stockton, Lockatong and 
Brunswick. The sequence is duplicated by faulting, 
and on Buckingham Mountain near the center of the 
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FIGURE 78.1.-Aeromagnetic map of the Buckingham Mountain area, Pennsylvania. 

basin, the two areas of Triassic rocks are separated by 
a sizen,ble area of pre-Triassic rocks. 

The pre-Triassic floor in the vicinity of Buckingham 
Mountain consists of Cambrian and Ordovician rocks. 
On the southeast side of the Buckingham Mountain 
area, the Furlong fault ( 0, ·fig. 78.1) brings Lower, 
Middle, and Upper Cambrian rocks in contact with the 
Brunswick formation. Northwest of the exposed Pa.le
ozoic rocks the Stockton formation lies unconformably 
on the Paleozoic sedimenbtry rocks. In one small area 
on Buckingham ~fountain the presence of gneiss float 

blocks indicates that crystalline Precambrian basement 
rocks are actually exposed. The dip of the bedding in 
the Paleozoic sedimentary rocks is generally to the 
northwest. 

At the southwest end of the inlier, the Furlong fault 
joins the Chalfont fault (E, fig. 78.1). McLaughlin 
( 1959, p. 131) has estimated a maximum stratigraphic 
displacement of 10,000 feet on the Furlong fault and 
6,500 feet on the Chalfont fault. The Chalfont fault 
extends east of its junction with the Furlong fault for 
about four miles and is then overlapped en echelon by 
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the Buckmanville fault (D, fig. 78.1), which extends 
the displacement to the Delaware River. The strati
graphic throw of these faults was computed from esti
mates of the total thickness· of the .Triassic sedimentary 
formations. It has long been recognized, however, that 
these formations may be in part equivalent to one an
other, and that in places the Brunswick formation lies 
on the pre-Triassic rocks. Such considerations indi
cate that the estimated stratigraphic throw on the faults 
may be only an approximation of the true throw. 

The structure associated with the Furlong fault in 
the Buckingham area has magnetic expression, because 
the Precambrian basement rocks, which are much more 
magnetic than either the Triassic or the Pa.leozoic sedi
mentary rocks; are close to the surface on the northwest 
side of the fault. 

INTERPRETATION 

The. most prominent feature on the areomagnetic 
map (fig. 78.1) is a large anomaly, striking northeast 
and having an amplitude of more than 1,000 gammas, 
that is centered over the Furlong fault. The map re
veals differences between the countour features north
east and southwest of traverse B. The areomagnetic 
profile and the inferred geologic section along traverse 
B, which we regard as typical of the southwestern 
part of the Buckingham anomaly, is presented in figure 
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FIGURE 78.2.~Geologic section and .aoeromagnetic profile along 
traverse B. 

78.2. The geologic section was constructed partly 
from surface mapping and stratigraphic considera
tions, and partly from calculations based on aeromag
netic data. Magnetic profiles for several hypothetical 
Precambrian surfaces were computed on the basis of 
a Pirson polar chart modified for total-intensity cal
culations (Pirson, 1940). The Precambrian surface 
shown in figure 78.2 is the one that produces the best 
fit to the observed profile. The circled points are com
puted data, based on the assumption that remanent 
magnetization is negligible and that the susceptibility 
of the Precambrian rocks exceeds that of the sediment
ary rocks by 0.005 cgs units. The configuration and 

structure of the Precambrian surface as deduced from 
aeromagnetic data differ in two important respects 
from those based on geology alone : (a) The displace
ment along the Furlong fault is less than 3,000 feet, 
whereas stratigraphic data indicate that the total 
thickness of the sedimentary rocks, and therefore dis
placement, on this fault, is about 10,000 feet; (b) The 
Precambrian surface southeast of the Furlong fault 
dips southeastward, instead of northwestward as was 
expected from the surface structure of the Triassic 
rocks. Northeast of traverse B magnetic gradients are 
much steeper than they are southwest of it, and there 
is a broad minimum northwest of the Paleozoic rocks; 
and although the total Paleozoic sedimentary section 
is apparently thicker on the northeast side than on the 
southwest side, the amplitude of the anomalies ·and the 
magnetic gradients are higher on the southwest side. 
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FIGURE 78.3.-Geologic section and aeromagnetic profile along 
traverse A. 

Figure 78.3 shows an aeromagnetic profile, along 
traverse A, that we rega.rd as typical of the northeast
ern half of the Buckingham anomaly. Superimposed 
on the observed profile is a magnetic profile computed 
from a structure· section based. on geological data and 
the computed section of traverse B. It is evident tha.t 
in this province, if the susceptibility contrast is 0.005 
cgs units as assumed in traverse B, the Precambrian 
structure does not contribute very much to the anomaly 
amplitude. Subtraction of the magnetic fields of the 
observed and computed profiles results in a residual 
magnetic profile shown in figure 78.4. This anomaly 
could be accounted for by assuming that a tabular 
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body, o:f smnJl width but large vertical extent (fig. 
78.4), cuts across the Paleozoic rocks, that its top is 
approximately 1,000 feet below the surface and 1,000 
feet north west of the Furlong fault, that this body is 
pn.ral1el to the Furlong fault and that its southwest 
end is near traverse B. Assuming that this body is 100 
:feet wide, its susceptibility is computed to be 0.09 cgs 
units, which corresponds to a magnetite content of over 
25 percent by volume. If the body is only 50 feet wide, 
the magnetite content is over 50 percent. 

GAMMAS 
1000 

800. 

600· 

400. 

200 

0 

EXPLANATION 

Stockt~~mation }~ z 

Brunswick formation t- ~ :: 

~ } ~~~ 
Sedimentary rocks . ::;;<eo 
~ }::Ez<e o 
~ ~J::u ~ 

Basement rocks ~~ 
a. 

Computed tabular body 

c· 
1000' 

FmuRI<J 78.4.-.Aeromngnetic profile across inferred dike. 

In any curve-matching procedure involving mag
netic data such as the one presented here, it is im
portant to remember that a given observed profile could 
be satisfied by any one of many possible configurations; 
for example, the same anomaly might be produced by 
u. shallow weakly magnetic body or a deep highly mag
netic body. The dike postulated here is assun1ed to be 
of small mass n.nd to 1 ie at a depth of about 1,000 feet
the maximum depth at which a magetic source could 
yield the anomaly observed. The reason for assuming 
that the dike is small is that a large dense mass could 
be detected by gravity measurements if it lay near 
the surface; no such mass was indicated by a detailed 
gravity profile made in this vicinity under the direction 
of ~{artin Kane using a gravimeter with ~ ... sensitivity 
of 0.01 mgls per dial division. 

Because of the geological setting, this thin tabular 
body might have economic importance. 

·Approximately 10 miles south of the intersection of 
the Furlong fault and traverse A, Precambrian rocks 
are exposed on the surface. They are described (Arm
strong, 1941) as Baltimore gneiss ranging in composi
tion from mafic to felsic. ~1agnetic anomalies in the 

vicinity of this exposure are numerous, and depth cal
culations based on the method described by Vacquier 
and others (1951) yield depths equal to the flight ele
vation. This partly confirms the belief that these 
methods are applicable in this area. Depths to the 
Precambrian surface approximately 3 miles north of 
this area are computed to be about 3,000 feet. Extra
polating linearly and using this depth and the points 
at the surface of the Precambrian as controls, we have 
computed that the depth near the south end of the pro
file in figure 78.2 is approximately 7,000 feet. This 
figure is in good agreement with the depth obtained 
by using the cur~e-matching procedures (see fig. 78.2), 
a.nd confidence may be placed in figures that agree so 
closely though obtained by two entirely different 
methods of approach. 

A cross section of the southe.rn ·half of the Triassic 
basin is shown in figure 78.5. The configuration of the 
Precambrian sm.·face is based entirely on interpretation 
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FIGUI~E 78.5.-A geologic section across the southern half of the 
Triassic basin, Bucks County, Pa. 

of the magnetic data, and the stratigraphic column is 
based entirely on geologic mapping. Southeast of the 
Furlong fault, there are prominent magnetic anomalies 
over outcrops of diabase. These ·anomalies could be 
c~iused by strong magnetization of the rocks, either in
duced or remanent, or by the shape and attitude of the 
diabase mass. The simplest way to determine the con
figuration of the mass is by means of a gravity traverse 
at right angles to the strike of the diabase since there 
is a strong density contrast between it and the surround
ing sedimentary rocks (approximately 0.4 g per cm3

). 

Toward this end, a gravity traverse (F), shown in 
figure 78.1, was made under the supervision of Martin 
J(ane. The results show that the diabase is a sheet dip
ping to the northeast, nearly concordant with the bed
ding in the Triassic sedimentary rocks. 
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76. PRELIMINARY INTERPRETATION OF AEROMAGNETIC DATA IN THE ALLENTOWN QUADRANGLE, 
PENNSYLVANIA 

By RANDOLPH W. BROMERY, Washington, D.C. 

Prepared 'in cooperation with the B1trea1t of Topographic ancl Geologic Survey, Commonwealth of Pennsylvania 

The Allentown quadrangle was surveyed with the air
borne magnetometer in 1956 as part of a detailed survey 
in southeastern Pennsylvania, to obtain geophysical 
data useful in areal geologic mapping and in searching 
for magnetic iron deposits. The flying was done at 
500 feet above the ground surface, on traverses a quarter 
of a mile apart. 

Precambrian metamorphic and igneous rocks of com
plex geologic structure form a continuous belt that 
trends northeast across the south-central part of the 
quadrangle, separating the Paleozoic sedimentary rocks 
in the northern ha.lf of the quadrangle from the Trias
sic sedimentary and igneous rocks in the southeastern 
part of the quadrangle (fig. 79.1). 

The exposed Precambrian rocks are delineated in 
detail by a "bird's-eye maple" magnetic pattern. Some 
of this detail has been sacrificed in preparing figure 
79.1, but the original magnetic contours (Bromery and 
others, 1959) have proved useful in mapping the areal 
extent of the underlying Precambrian rocks. The mag
netic data indicate that some previously mapped faults 
are longer than was supposed, and that faulting may 
have occurred in some areas where it had not hitherto 
been recognized. 

The Paleozoic sedimentary rocks in Saucon Valley 
are characterized by a uniform magnetic gradient lead
ing to a magnetic low. This gradient extends north
eastward ·along the northern edge of the valley beyond 
the head of the vaHey. 

To show the possible configuration and depth of 
burial o£ magnetic rocks, three theoretical structure 
sections, A, B, and 0, were graphically computed from 
the magnetic profiles across the Reading Prong. This 

analysis was performed by using a modified Pirson 
Polar Cha.rt (Pirson, 1940). The cnJculations indicate 
that the Precambrian rock .surface along the northern 
edge of Saucon Valley and its apparent northeast ex
tension is nearly vertical. The buried surface of the 
magnetic rocks underlying Saucon Valley is approxi
mately a mile deep. Low-amplitude magnetic anom
alies observed along the southern edge of Saucon Valley 
are underlain by Precambrian rocks, and if a uniform 
magnetic susceptibility is assumed for these rocks the 
magnetic data along section A show that they are less 
than 1,000 feet thick. Magnetic anomalies of higher 
amplitude are observed along sections B and 0, on 
strike with the low-amplitude anomalies, and ·calcula
tions indicate that here the thickness of the underlying 
Precambrian rocks is far greater-4,000 ·feet. The 
Preca.mbrian rock surface at the Triassic Border fault 
along sections A and B is nearly vertical, and there 
is no magnetic expression of buried Precambrian rocks 
over the Triassic Basin. P~sibly this is because Pre
cambrian rocks are deeply buried, so that any weak 
magnetic expression is masked by anomalies associated 
with Triassic diabase rocks, as for example at the 
southeast end of section A. 

·Along the northern edge of the Reading Prong, the 
magnetic profiles indicate that the Preca.mbrian rocks 
were dropped 1,000 feet on the north side of a nearly 
vertical fault; and that the Precambrian surface north 
of the fault slopes northward beneath Paleozoic sedi
mentary rocks. 

Along section D, magnetic computations indicate 
that an arching surface of Precambrian rocks four 
miles wide is buried a mile below the surface. An 
anticline in the overlying Paleozoic sedimentary rocks, 
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l!"'Ioutn~ 79.1.-Aeromngnetic and generalized geologic map of the Allentown quadrangle, Northampton, Lehigh, and Bucks 
Counties, Pa. Magnetic data from Bromery and others (1959). 
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shown on the new Pennsylvania State Geologic Map, 
is centered over this buried arch ; the exposure of ap
parently non-magnetic Precambrian rocks on Pine Top 
and Camels Hump (fig. 79.1) extends along its· southern 
edge. The magnetic anomaly associated with this 
buried structural feature extends to the northeast and 
increases in amplitude in the .adjacent Easton quad
rangle (Bromery a.nd others, 1960), where it is under
htin by exposed Precambrian rocks at Chestnut Hill. 
The exposed Precambrian rocks on Pine Top and 
Camels Hump are probably related to those at Chest
nut Hill and to the buried magnetic mass along section 
D, but these relationships are not yet clear. Analysis 
of the magnetic data in the Allentown quadrangle and 

in the adjoining quadrangles indicates areas where 
Precambrian rocks may be relatively thin. 
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80. TACONIC AND POST-TACONIC FOLDS IN EASTERN PENNSYLVANIA AND WESTERN NEW JERSEY 

By AvERY A. DRAKE, JR., RoBERT E. DAvrs, _and DoNALD C. ALVORD, Washington, D.C., Denver, Colo., and 
Denver, Colo. 

Papers reviewing Appalachian structural geology and 
the chronology of Appalachian folding have recently 
been published by Spieker (1956) and by Woodward 
(1957a, 1957b, and 1958). Woodward agrees with some 
previous workers in believing that the folds in 'the 
Appalachians were produced .in three similar but sepa
rate periods of deformation, rather than in a single 
period of disturbance at the close of the Paleozoic era. 
The -purpose of this paper is to describe some of the 
structural relations along the Delaware River in eastern 
Pennsylvania and western New Jersey, and to state our 
present views regarding the relative intensity of the 
Taconic and post-Taconic orogenies. 

The area considered here includes segments of the 
Reading Prong, Great Valley, and Folded Appnlach
ians, and is underlain by rocks of Precambrian to Late 
Devonian age. It has long been recognized that an un
conformity separates the Martinsburg shale, of l\fiddle 
and Late Ordovician age, from the Shawailgunk con
glomerate of Silurian age, and that the pre-Silurian 
rocks we~e folded twice ( Behre, 1925; Miller,· l926; 
and Stose, 1930). Stose thought that the pre-Silurian 
(Taconic),folding was less intense than the later (Ap
palachian) folding, whereas Belue and Miller thought 
that in eastern Pennsylvania the Taconic folding was 
almost if not quite as intense as the Appalachian. It is 
our thesis that in this area the Taconic folding was by 
far the stronger. 

In the part ~f the Appalachians we have studied it 
has been difficult to relate the folds to specific periods 
of deformation, because there the structural trends are 
all nearly parallel. Detailed mapping and careful 
cataloguing of minor structural features has Ehown, 
however, that the folds in the pre-Silurian rocks are 
vastly different from those in the younger rocks. 

The pre-Silurian sedimentary rocks-largely Cam
brian and Ordovician carbonate rocks-and the Mar
tinsburg shale are strongly folded. The folds, which 
range in amplitude from microscopic dimensions to at 
least 5 miles, are nearly all overturned to the north
west. Some are recumbent, and the axial planes of a 
few have been rotated past the horizontal. The traces 
of axial planes are hard to follow because of faulting 
and flowage, but major synclines and synclinoria have 
been mapped in the Musconetcong and Pohatcong Val
leys, and also in the Great Valley north of Easton, Pa. 
The synclinori urn in the Great Valley is the largest 
fold yet recognized in the area; its northwest limb ex
tends even beyond the north boundary of the Bangor 
7lj2-minute quadrangle. Its constituent folds are 
mostly recumbent. Their axes plunge, in places, gently 
east-northeast or west-southwest, but on the average 
they are probably almost horizontal. 

Flow cleavage is present in all of the pre-Silurian 
rocks, and is by far the most prominent planar struc
ture in the argillaceous Hershey limestone (Gray, 

·~ 
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1D52) and the l\1artinsburg shale. This cleavage is 
warped nnd folded, showing that subsequent stress \vas, 
released along these planes rather than along bedding 
phmes. Folds affecting the flow cleavage are super
posed on preexisting folds in the argillaceous rocks, 
and slip cleavage has developed that is about parallel 
to the axinl planes of the folds of the flow cleavage. 
Many of the thrust faults that can be recognized in out
crop are pn,rallel to the slip cleavage, and these faults 
commonly extend nJong the crests of arches in the flow 
cleavage. These folds are certainly younger than the 
folds that affected the bedding, and it seems likely 
that they nre post-Taconic. 

The dips of the Silurian and Devonian beds, from 
their southernmost exposure at the Delaware "\Vater 
Gap to the Pocono Plateau, are prevailingly north
westward. The regional dip is interrupted by severa1 
folds that are clmracteri\Zed by short southeast limbs. 
As one goes southeastward across these folds, one finds 
thnt the structural height of their successive crests in
cren,ses, as if these folds were satellitic to a major anti
cline that once flanked them on the southeast. Linear 
elements in these rocks are nearly horizontal, but out
crop patterns indica.te that the large :folds in them 
plunge west-southwest. Folding becomes less intense 
towtird the northwest, where the last mappable :folds 
occur in the limestones of the Onondaga :formation. 
There 11re asymmetric :folds, too small to map, in the 
overlying liamilton :formation, but on the whole the 
rocks of this group are only gently flexed. The pre
Upper Devonian rocks have well-developed cleavage, 
which dip steeply southeastwnrd and is nowhere ro
tated or :folded. 

Folds in the Silurian and Devonian rocks become 
tighter and even overturned along strike to the south
west, where they presumably pass into the structurally 
more complex terrane of the ''Tind Cap and Lehight 
Gap ttreas. 

It can be seen from the above discussion that the 
rather simply folded Silurian and Devonian rocks 
overlie very complexly :folded Ordovician rocks. Beer
bower (195()), in describing the Ordovician-Silurian 
contact at the Delaware "\\Tater Gap, concluded that 
the Taconic disturbance was much less intense in this 
area than it was farther north and east. This conclu
sion, however, was based on the nearly parallel atti
tudes of the Sha wangunk and Martinsburg forma-

tions in a single poor exposure. The fact is ·that the 
Martinsburg in this area was thrown into overturned 
and recumbent :folds during the Taconic orogeny;. in 
exposures both east and west of the contact described 
by Beerbower, beds have been rotated more than 180°, 
and Ordovician beds diverge at various angles from 
Silurian beds exposed nearby. The Ordovician-Silu
rian contact was :folded after the deposition of the De
vonian rocks, and the Martinsburg shale reaches the 
surface in several small anticlines along the southeast
ern slope of Kittatinny Mountain. The structural re
lations here are not yet fully understood, but as the 
Martinsburg farther south was sheared along its flow 
cleavage, the arches in this cleavage are probably 
parallel to anticlines in the beds of the Shawangunk 
formation. 

In summary, the Taconic :folding was very much 
stronger in this area than the post-Taconic folding, 
which was in :fact i.·ather gentle. During the later orog
eny, pre-existing Taconic folds were deformed by fold
ing that affected flow cleavage, and also by thrusting. 
The post-Taconic orogeny cannot be precisely dated, 
but it can probably be ascribed to the Appalachian 
disturbance. 
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81. LATE PALEOZOIC OROGENY IN EASTERN PENNSYLVANIA CONSISTS OF FIVE PROGRESSIVE STAGES 

By HAROLD H. ARNDT and GoRDON H. WooD, JR., Washington, D.C. 

Deformation during the. late Paleozoic Appalachian 
orogeny is recorded by structural features in rocks of 
Cambrian to Pennsylvanian age in eastern Pennsyl
vania. The orogeny began after rocks of Pennsyl
vanian age were consolidated and prior to deposition of 
rocks of Late Triassic· age. Moderately folded rocks 
are present in the Allegheny and Pocono plateaus. 
Strongly folded and faulted rocks occur in the Ridge 
and Valley province, and rocks in the Great V a.lley are 
even more complexly deformed. Although part of this 
complex deformation in the Gr-eat Valley is attributable 
to the Taconic disturbance of early Paleozoic age, it has 
been long recognized that the structural complexity of 
rocks effected by the Appalachian orogeny increases 
southeastward across these areas. The increase is most 
noticeable across the Anthracite region of eastern Penn
sylvania which lies principally in the Ridge and Valley 
province, but a.Iso includes parts of the Allegheny and 
Pocono plateaus (fig. 81.1). Detailed studies in the 
Anthracite region and interpretation of data on the 
Great Va.lley (Gray, 1959) show that the structural 
features formed progressively in a sequence; this se
quence is here classified on the basis of the increasing 
complexity of these features into five structural stages 
as follows: 

1. Folding of horizontal strata into broad anticlines 
and synclines. · 

2. Low-angle thrusting and imbricate faulting, fol
lowed by formation of subsidiary folds on the 
larger folds to develop anticlinoria and syncli
noria. Additional low-angle thrusting followed 
by high-angle thrusting accompa.riied the subsid
iary folding. 

3. Folding of low-angle and high-angle thrusts, and 
offsetting of pre-existing structural features by 
high-angle thrusts. 

4. Development of overturned folds, a.nd offsetting of 
overturned folds by tear faults and high-angle 
thrusts. 

5. Development of recumbent folds and nappes. In 
this sequence it is obvious that an area with struc
tural features of stage 5 had previously undergone 
deformation attendant with each of the preceding 
stages. 

CONCEPT OF PROGRESSIVE DEFORMATION 

Much speculation persists as to the relative times and 
the sequence of structural events during the Appala
chian orogeny in eastern Pennsylvania. The authors 
believe that all structural features were formed during 
a single orogeny, and that orogenic forces were con
tinuously transmitted through the Anthracite region 
from southeast to northwest with gradually increasing 
intensity so that the strata in the southeastern part of 
the region were deformed before those in the north
western part. The simple fol'ds of stage 1, therefore, 
probably formed in the southeastern part of the region 
before they did in the northwestern part. Further, the 
complicated folds and faults of stage 4 in the south
eastern part of the region· probably formed simultane
ously with the simple folds -of stage 1 in the northwest
ern part. Thus, deformation. resulting from the Appa- · 
lachian orogeny apparently was progressive both t~m
porally and geographically. 

AREAL· DISTRIBUTION OF STRUCTURAL STAGES 

From north to south the Anthracite region and Great 
Valley are divisible on the basis of increasing complexity 
of structural features into five geographic areas con·e
sponding with the five stages. 

The features in th~ northwestern part of the Anthra
cite region consists of large symmetrical open folds of 
stage 1 (fig. 81.1). In the north-central part of the 
region the principal features are anticlinoria and syn
clinoria composed of en echelon symmetric and asym
metric subsidiary folds that are commonly broken by 
folded low-angle and high-angle thrusts. Features of 
stage 2 are superimposed on folds of stage 1 in this part 
of the region. 

Features indicative of stage 3 occur in the south
central part of the region. Here the folds and faults 
formed during the preceding two stages were further 
folded and offset by high -angle thrusts. 

The overturned folds, tear faults, and high-angle 
thrusts of stage 4 are present in the southernmost part of 
the Anthracite region. Folds and faults that formed 
there during the preceding three stages were intensively 
deformed. 
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Small to large recumbent folds and nappes of stage 5 
occur in the Great Valley, south of the Anthracite re
gion. These structural features were probably super
imposed on less complex features formed during the 
Taconic disturbance. 

Some local areas did not undergo the stage of de
formation that ·would be suggested by their geographic 
location, and others advanced beyond the stage indi
cated. These apparent discrepancies are explainable, 
however, because the varying structural competency of 
str·atigraphic units and other stratigraphic and struc
tural complications locally retarded or concentrated the 
stress, so that the resultant features were either less 
complicated or more complicated than normal for their 
geographic location. 

CONCLUSIONS 

The Appalachian orogeny ·in eastern Pennsylvania 
proceeded through a sequence of five structural stages. 
In the Anthracite region, the areas of most complex 
structures. to the southeast underwent each of the 
first four stages of deformation, whereas the least in
tensively deformed area to the northwest was sub
jected only to the last orogenic force and contains fea
tures characteristic of only the first stage of deforma
tion. The process of structural evolution appears to 
have been continuous and the result of a single orogeny 
that was not necessarily punctuated by pulsations. 
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82. DIFFERENTIAL SUBSIDENCE OF THE SOUTHERN PART OF THE NEW JERSEY COASTAL PLAIN SINCE 
EARLY LATE CRETACEOUS TIME 

By JAMES P. MINARD and JAMES P. OwENs, 'Vashington, D.C. 

Even the small-scale geologic ·map ·of the State of 
New Jersey reveals that there is a progressive easterly 
shift in strike of the successively younger formations 
of the coastal plain (fig. 82.1 and table 82.1). Re
cent detailed mapping in four 7.Y2-minute quadrangles 

southeast.of Trenton (fig. 82.1) corroborates this fact, 
and yet surprisingly, most workers have failed to rec
ognize it or have passed it over without comment. 
Recognition of this shift, however, has _a far-reaching 
effect on interpretation of the geology of this region, 

TARLE 82'.1.-Averag~ attitudes and contact relations of the Late Cretaceous to Pliocene(?) formations southeast of Trenton 

Age Series or group Formation Symbol 
Average Average dip 

strike (SE) in feet Basal contact relations 
(degrees) per mile 

-----
Pliocene(?) Cohansey sand ___________________ Tch N72E 10 Unconformnble. 

Miocene(?) Kirkwood ______________________ Tkw N70E 18 Do. 
Tertiary 

Manasquan _____________________ Tmq N62E 25 Do. 
Rancocas Vincentown _____________________ Tvt N56E 30 Do. 

Hornerstown sand _______________ Tht N53E 45 Do. 

Red Bank ______________________ Krb N47E 35 Conformable. 
Monmouth Navesink _______________________ Kns N47E 35 U nconformnble. 

Mount Laurel sand ______________ Kml N47E 35 Do. 

Late Cretaceous VVenonah _______________________ Kw N46E 35 Conformable. 
Marshalltown ___________________ Kmt N46E 35 Unconformable. 

Matawan Englishtown ____________________ Ket N45E 38 Do. 
VVoodbury clay __________________ Kwb N44E 40 Conformable. 
Mere hantville ___________________ Kmv N44E 40 Unconformable. 

Magothy _______________________ Km N42E 42 Do. 
Raritn.n _________________________ Kr N40E 60+ Do. 

<. 
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l!"'IOUit~~ 82.1.-Mup of the coastul plain in New Jersey. 

being particularly helpful in assessing· the role of facies 
changes both along strike and down dip. Our ex
planation of the shift is based on the following facts: 

1. Nearly nJl the pre-Quaternary coastal plain forma-
tions thicken down dip or basinward, generally 
in a southeasterly direction (figure 82.2 and table 
82.2), and the older formations generally dip 
progressively more steeply than the younger 
formations (table 82.2). 

2. 1\{ost formations are thicker and wider in outcrop 
in the northeastern part of the coastal plain than 
in the southwestern part (fig. 82.1 and table 82.2). 
5577153 0-60-13 

Miocene and Pliocene(?) 
rocks 

EXPLANATION 

Rancocas 
group 

Monmouth 
group • Matawan 

group 

FIGUitE 82.2.-Block diagram of several grOH})S of formations in 
the New .Jersey coastal plain. Thickening down dip is a re
sult of SJ..lbsidence d·uring deposition. Erosion of the uplifted 
northeast part exposed thicl~er down dip facies or sections 
of the Cretaceous and early 'l'ertiury formations in this region. 
Erosion exposed thid:er down dip facies or sections of the 
two youngest formations in the southwest during Pleistocene 
uplift. 

TABLE 82.2.-Average thicknesses of .formations in different parts 
of the New Jersey coartal plain 

Average 
Average Average outcrop Direction Downdip (SE) 
outcrop outcrop thickness in which thickness 

Formation thickness thickness (£eet;) at £ormation compared with 
(£ect) near (£eet) SE or near thickens outcrop thickness 
Camden or Trenton Raritan in outcrop 

and Salem Bay 
---------------

Cohansey ______ 200± 200± 50± sw Nearly the 
same. 

Kirkwood _____ 120 60 30? sw Thicker. 
Manasquan ____ 15 40 60 NE Do. 
Vincentown ____ 25 55 100 NE Do. 
Hornerstown 20 30 30 NE Do. 

sand. 
Tinton sand ____ 0 I) 20 NE Do. 
Red Bank _____ 0 0-50 140 NE Thinner? 
Navesink ______ 10 20 40 NE (?). 
Mount Laurel (?) 20 20 (?) Thicker. 

sand. 
Wenonah ______ (?) 20 20 (?) Do. 
Marshalltown __ 35 35 35? (?) Do. 
Englishtown ___ 20 45 140 NE Do. 
Woodbury clay_ 50 50 50? (?) Do?. 
Merchantville __ 48 60 60? NE Do. 
Magothy ______ 25 30 120 NE Do. 
Raritan _______ ·300? 300? 300? (?) Do. 

3. ]\{ore unconformities are present in the stratigraphic 
sequence than had been previously recognized 
(table 82.1). 
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4. Marine planation was the dominant eroding agent 
throughout the area con,sidered. This is suggested 
by the reworked sediments and marine :fossil$ in 
the bases o:f the :formations, and by the absence o:f 
subaerial '~eathering. 

In the light o:f these :facts, the simplest explanation 
:for the progressive changes in strike is the presence o:f 

. a large downwarp south o:f the New Jersey coastal 
plain, possibly near Delaware Bay, accompanied hy 
differential uplift in the northern pa.rt o:f the coastal 
plain. 

Downwarping while deposition was going on ex
plains the sediments' thickening basinward-to the 
south and southeast. Subsequent marine planation, 
especially in the northeastern part o:f the coastal plain, 
eroded the nearshore :facies o:f the sediments, exposing 
the thicker offshore :facies or section. 

Repeated cycles o:f deposition and marine planation 
during Late Cretaceous and early Tertiary time a.re 
indicated by the :fact that most o:f the conta.cts between 
:formations are unconformable. Throughout this time 
the locus o:f downwarping migrated westward, and 
therefore each younger :formation was laid down on a 

surface that sloped more nearly southward than the 
surface underlying the next older :formation, and the 
strike o:f each younger :formation is more easterly than 
that o:f the :formation beneath it. 

The direction o:f downwarping was reversed at some 
time in the Pleistocene, and in the western and south
western parts o:f ·the coastal plain, the Kirkwood and 
Cohansey formations were much eroded. The thicker 
offshore :facies, particularly o:f the Kirkwood, were ex
posed, and outcrops of this :formation consequently 
show a thickening toward the southwest. 

Recognition o:f the progressively more eastward 
strike o:f the younger :formations, and o:f the basin
ward thickening along outcrops, helps to explain the 
changes in the lithology o:f the :formations along their 
strike. The glauconite and quartz sand of the Mar
shalltown :formation near Camden is probably a near
shore :facies, whereas the cla.y in the formation near 
Raritan Bay is probably an offshore :facies. Similarly 
the thick clay in the l{irkwood :formation nea.r Salem 
is probably an offshore :facies, whereas the sand and 
small pebbles in the :formation east o:f Trenton suggest 
a near~shore :facies. 

83. DROWNED VALLEY TOPOGRAPHY AT BEGINNING· OF MIDDLE ORDOVICIAN DEPOSITION IN SOUTHWEST 
VIRGINIA AND NORTHERN TENNESSEE 

By LEONARD D. HARRis, Washington, D.C. 

A disconformity between the Lower Ordovician part 
o:f the Knox group and the overlying Middle Ordovi
cian rocks in southwest Virginia and northern Tennes
see is widely recognized. Several authors (Cooper 
and Prouty, 1943, p. 823; Rogers and Kent, 1948, p. 32; 
Miller and Fuller, 1954, p. 67; and Bridge, 1955, p. 
727) reported as much as 200 :feeto:f relief on this sur
face. Because o:f the subtle nature o:f the topography 
on this discon:formable surface a regional paleogeo
morphie pattern has not been generally recognized or 
described. This paper briefly discusses the regional 
pre-Middle Ordovician paleogeomorphology ·in Lee 
County,. -Va., and northern Claiborne and Hancock 
Counties, Tenn. (fig. 83.1). In these counties the Lower 
and Middle Ordovician rocks dip from 15° to 35°. The 
outcrops are thus restricted to narrow northeast-trend
ing belts, and, consequently, only profiles parallel to the 
regional strike can be drawn. Control :for construe-

tion o:f these profiles is based on measured sections and 
detailed field mapping o:f key beds between sections. 

GENERAL GEOLOGY AND PALEOGEOMORPHOLOGY · 

Detailed mapping and section measuring o:f the rocks 
below and above the discon:formity indicate that the 
Lower Ordovician rocks were rehttively flat lying at the 
time o:f erosion of the discon:formable surface. Key 
beds that are cut out where valleys were eroded into the 
Lower Ordovician rocks retain their same strat.igraphic 
position under highs on that surface. In general, the 
bedding o:f the Middle Ordovician rocks is parallel to 
that o:f the underlying Knox group, but locally the 
lower beds o:f the Middle Ordovician are draped nearly 
parallel to the slopes, and dip away at a small angle. 

Subaerial erosion o:f the surface on the Knox group 
was long enough to have removed a maximum of 170 
:feet of dolomite, and to have developed a residuum of 

... , 
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l!..,IOUHE 83.1.-l\fnp of southwesten1 Virginia and northern Tennessee showing areas of detailed mapping, single points of 
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unknown thickness. The residuum included the in
soluble constituents in the dolomite, namely, clay, sand, 
and chert. There is some evidence to suggest that a 
soil profile was developed on the dolomite. This pro
.file may have included an upper oxidized zone; at least 
the oldest deposits, which occur only in the lowest· parts 
of the valleys, are invariably grayish-red dolomitic 
shale with some coarse clastic material. The very lim
ited distribution of this grayish-red shale suggests that, 
upon submergence, red clay was the first sediment win
nowed from the residuum. 

The topography carved on top of the Lower Ordo
v.ician rocks is one of rolling hills and, in general, broad 
valleys (fig. 83.2). Relief ranges from about 100 feet 
to a maximum of 170 feet. Locally, some slopes are 
relatively steep; as shown in profile section 0-0' (fig. 
83.2)' in the southwest part of the area, the west side 
of one valley was a nearly vertical cliff 110 feet high. 

The ancient topography resembles a nearly mature 
coastal plain very near sea level. If this plain bordered 
on old ln.nd of greater relief, the area of investigation 
1nust hnve been far removed from the old land, because 
the first deposits above the disconformity were locally 
derived from the residuum developed on top of the 
Lower Ordovician rocks. These basal deposits which 

' ' rm1ge from 1 to 40 feet in thickness, include clay, small 
amounts of sand, and abundant fragments of chert and 
dolomite. Limestone, about 1,500 feet thick, overlies 
this reworked residuum. 

During Middle Ordovician time, as this gently roll
ing plain was inundated by the sea, the coastline must 
have been quite irregular, and its appearance was that 
of a submerged coastal plain with many drowned val
leys. The submergence probably was relatively con
stant and rapid, but not rapid enough to keep wave 
action from winnowing the residuum developed on the 
erosion surface. Winnowing separated the clay and 
small amounts of fine chert fragments and sand from 
the hill tops and partly filled the intervening valleys. 
The coarser pieces of chert and dolomite were concen
trated as a lag deposit on the hill slopes and tops. 
Wave action was not intense enough to round the larger 
pieces (fig. 83.3) or to materially modify the topog
raphy. 
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FIGURE 83.3.-Middle Ordovician conglomerate just aboYe discon
formlty at the top of the Lower OrdoYician. Most of the con
glomerate is angular but a few pieces are subrounded. Scale 
is indicated by pencil in upper right of photograph. 

84. A SYNTHESIS OF GEOLOGIC WORK IN THE CONCORD AREA, NORTH CAROLINA 

By HENRY BELL III, Beltsville, Md. 

Geochemical and heavy-mineral reconnaissance 
(Overstreet and Bell, 1960; Bell and Overstreet, 1960) 
in deeply weathered crystalline rocks of the Piedmont 
Plateau near Concord, N.C., has shown a more exten
sive distribution of gold, scheelite, and possibly base 
metals than had previously been recognized. The re
sults of the reconnaissance, combined with geologic 
mapping, aeromagnetic surveys, and interpretation of 
soil maps, indicate that this distribution can be related 
to several geologic events in the Concord area that are 
common to the Piedmont as a whole. 

The Concord area is partly in the region of fractured, 
sheared, and intruded plutonic rocks that P. B. King 
(1955, p. 346-350) named the Charlotte belt, and partly 
in the northeast-trending sedimentary and volcanic 
rocks of the Carolina slate belt, which lies to the east 
(fig. 84.1). 

In the Concord area the rocks of the Charlotte belt 
consist of granitic and granodioritic gneisses, massive, 
and foliated dioritic and mafic rocks, and small bodies 

of granite. Some of the granite bodies are coarse 
grained, and one pluton of circular outline which ex
tends into the northern part of the area consists of 
porphyritic granite. These rocks are cut by many dikes 
mostly of andesite, pyroxenite, granite, pegmatite, sye
nite, and lamprophyres. The largest dikes, which con
sist'of light-colored coarse-grained augite syenite, form 
a partial ring structure near the c.enter of the area. 
The ring structure is not so complete as it was thought 
to be by LeGrand and Mundorff (1952). Closely asso
ciated with the syenite is a large mass of coarse-grained 
hornblende gabbro. 

Gold has been mined from placers and veins in this 
region since 1799 (Pardee and Park, 1948, p. 27-29). 
Vein deposits containing gold, scheelite, and base metals 
haYe recently been explored (Jones and Peyton, 1950) 
around the Furniss mine. These deposits are near the 
contact of the sedimentary and volcanic rocks of the 
Carolina slate belt with massive and foliated dioritic 
and mafic rocks of the Charlotte belt. In the Concord 
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area. there are several zones of shearing near this con
tact and in the Gold Hill district about 15 miles north
en.st the contact between the slates and ph.ttonic rocks is 
a fault (Laney, 1910, p. 68-71) . 

Results of the heavy-mineral and geochemical recon
naissance are superimposed on the geologic map in fig
ure 84.1 as patterns showing the distribution of gold, 
scheelite, and base metals. Gold and scheelite were rec
ognized visually in 87 heavy-mineral concentrates 
panned from a.1luvium collected in streams having 
drainage areas of 0.1 to 1.5 square miles. Amounts of 
copper, lead, zinc, and molybdenum in samples of allu
vial clay and silt, collected at essentially the same local
ities as the concentrates, were determined in the Geo
chemical Exploration laboratory by rapid methods 
(Lakin, Almond, and Ward, 1952). Only those areas 
are shown _in figure 84.1 in which the base metals show 
closely grouped values of at least 0.006 percent more 
Cu, 0.002 percent Pb, and 0.005 percent Zn. The dis
tribution of base metals and scheelite in the southwest 
71h' quadrangle and eastern third of the area is not 
known. 

Geochemical ttnd heavy-mineral reconnaissance in 
the Concord area has shown that the gold, scheelite, and 
rocks containing base metals are· not restricted to the 
vicinity of the contact between the Charlotte belt and 
the Carolina slate belt, or even to the zones of shearing 
now recognized. Gold and scheelite are widely dis
tributed in areas underlain by granitic and grano- -
dioritic gneisses, massive and foliated dioritic and mafic 
rocks, and the volcanic and sedimentary rocks of the 
Carolina slate belt where they are cut by intrusive 
rocks. Gold and scheelite have not been found in alluv
ium from streams that drain areas underlain only by 
the syenite-gabbro complex. 

A large area in which samples of alluvium show high 
values for zinc alone coincides closely with the outcrop 
of a complex of coarse-grained augite syenite and horn
blende gabbro. This complex is probably younger than 
the gra.nite, and no granite dikes are known to cut it 
{Bell and Overstreet, 1959, map). Aeromagnetic sur
veys indicate that the complex is a steep-sided intrusive 
body {R. W. Johnson, oral communication, 1959). The 
base-metal content of magnetite separated from heavy
mineral concentrates panned from alluvium in streams 
draining the complex was examined and analyzed by 
P. 1{. Theobald, .Jr., and C. E. Thompson of the Geolog
ical Survey, who found comparatively high values for 
zinc in concentrates from the areas where higher than 

average values for zinc occur in alluvial" clay and silt. 
In other areas the base-metal content of magnetite is 
characteristically different and apparently does not 
show a close relationship with that in the alluvium. It 
may thus be possible, in places where the alluvium is 
found to be rich in zinc, to detertnine by analysis of the 
magnetite whether the zinc was derived from syenite 
or from granite. 

The results of geochemical and heavy-mineral re
connaissance in the Concord area suggest that two pe
riods of metallization have occurred there, resulting in 
different concentrations of metals and associated with ' 
different rocks. The earlier and more widespread met
allization is characterized by gold, tungsten, and base 
metals, perhaps derived from veins related to small 
granite plutons. The second, characterized by zinc, 
seems to be closely related to the syenite-gabbro com
plex. No syenite-gabbro complexes have been found 
elsewhere in North Carolina, but there may be one or 
more in South Carolina near the Georgia border 
(Overstreet and Bell, Art. 87). 
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85. AEROMAGNETIC AND AERORADIOACTIVITY SURVEY OF THE CONCORD QUADRANGLE, NORTH CAROLINA 

By RoBERT 1V. JOI-TN.SON, tTR. and RoBERT G. BATES, Knoxville, Tenn. and 'Vashington D.C. 

An airborne magnetic and radioactivity survey has 
been made of the Concord quadrangle, North Carolina; 
which, together . with a small adjacent area to the east, 
lies in the Piedmont of central North Carolina. Com
plex geologic patterns are here obscured ·by extensive 
development of saprolite, and although various kinds 
of rocks are usually identifiable in the saprolite their 
areal distribution and relations are largely indetermi
nable. They give rise, however, to well-defined aero
magnetic and aeroradioactivity features, which help 
guide the geologic work now in progress.· 

The magnetic data are sho·wn in figure 85.1 and the 
radioactive areas in figure 85.2. These areas were de
lineated by connecting the points of half-maximum 
value of the anomalous radioactivity appearing on 
three or more adjacent profiles. 

The Concord quadrangle is partly in the Charlotte 
belt as defined by IGng ( 1955, p. 346-350) and partly 
in the Carolina slate belt (l{ing, 1955, p. 343-346). In 
this quadrangle the principal rocks of the Charlotte belt 
are gneisses, massive and foliated mafic rocks, and small 
bodies of granite. All these rocks are cut by numerous 
dikes of several kinds of rock; the most extensive dikes 
consist of augite-syenite. The syenite bodies form a dis
continuous ring structure roughly six miles in diameter, 
with a large body of gabbro in the center. The two 
largest syenite bodies, approximately 5 to 6 miles long, 
form the east and west sides of the structure. The 
southeast corner of the quadrangle is underlain by vol
canic and sedimentary rocks of the Carolina slate belt. 
In the Gold Hill district, a few miles northeast of the 
Concord quadrangle, these rocks are in fault contact 
with the rocks of the Charlotte belt (Laney, 1910, p. 
68-71). 

The dominant magnetic feature of the quadrangle is 
a large and complex group of anomalies that approxi
mately coincides with the area of the ring structure. The 
most extensive of these anomalies lie just within the 
gabbro at its contact with the syenite. At the south 
end of the main structure, several magnetic peaks over 
3000 gammas ii1 amplitude occur at the contacts of the 
central gabbro body with small discontinuous bodies 
of syenite. The central mass of gabbro is less magnetic 
than the contacts, as is show~1 by the pronounced mag
netic depression at the center of the ring structure. The 
anomalies ringing the gabbro mass are probably caused 
by concentrations of magentite a)ong the contacts 

between the gabbro and the syenite. More intense 
though much less extensive, anomalies lie just within 
the mapped outlines of the syenite. Some of these, at 
the north end of the western syenite body, may be due 
to an interfingering of the syenite and gabbro. The in
terfingering is probably similar to that indicated by 
the radioactivity data., though it seems more intricate. 
Two well-defined areas of high radioactivity are in good 
general agreement with the mapped outlines of the sye
nite, although the one farther east suggests that the 
form of the eastern syenite body is somewhat different 
from that indica.ted by preliminary geologic mapping 
(fig. 85.2). The large magnetic unit related to the ring 
structure has a southeastward extension that is under
lain by coarse-grained hornblende gabbro not previ
ously reported. 

The area of high radioactivity north of the eastern 
syenite body coincides in part with a strong magnetic 
low. This relation s11ggests the presence of a rock mass 
not previously recognized. 

A small area of high-intensity magnetic a.nomalies 
in the extreme northwest corner of the quadrangle has 
not been investigated. The most intense of these anom
alies appears to be on or near the contact between a 
small mass of gabbro and the enclosing granite and 
gneiss. No anomalous radioactivity was found over 
the two small granite bodies in this area. 

A narrow discontinuous magnetic trend composed 
mainly of 2000- and 2500-ga.mma closed contours ex
tends from the northeast corner to the southwest cor
ner of the quadrangle, where it terminates in a small 
but intense peak; this passes south of the ring structure 
anomaly. Siliceous metasedimentary rocks, including 
ferruginous quartzite and epidotized quartz-mica schist, 
have been found a.t several places almig this trend. 

The radioactivity data indicate four areas of high 
radioactivity along the eastern edge of the quadrangle. 
The northern one is between two shear zones and over
lies gneissic granitic and granodioritic rocks. The other 
anomalous radioactive areas are not closely associated 
with any of the rock 1nasses shown in figure 85.2, but 
may be related to shear zones or to the contact between 
the Charlotte belt and the Carolina slate belt. The 
eastern edge of the southern area closely follows this 
contact, and the other two are between the contact and 
a prominent shear zone. One of these radioactive areas 
has a pronounced arcuate outline, and so do the two 
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FIGURE 85.1.-Aeromagnetic and geologic map of the Concord quadrangle, North Carolina. 

others taken together. These arcuate patterns suggest 
the possibi1 ity of ring fracturing or intersecting sets 
of fractures, though these have not yet been recognized 
in the field. Along the eastern edge of the area the 

similarity between the distribution of radioactivity and 
that of base metals and heavy minerals as determined 
by geochemical studies (Bell, Art. 84, fig. 84.1), in
dicate that these may be related. 
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The borders of the radioactive area associated with 
the porphyritic granite along the northern edge of the 
quadrangle agree remarkably well with the mapped 
boundaries of the granite. The radioactivity level of 
this area is lower than that of those along the eastern 
edge of the quadrangle. 

There is a small area of moderately intense radio
activity over the granite in the southwest corner of the 
quadrangle, but as this area is considerably less ex
tensive than the mapped area of the granite it may 
represent local concentrations of radioactive minerals. 
The 2000-gamma magnetic contour line (fig. 8p.l) coin
cides almost exactly with the outline of the radioac
tivity. This may be only coincidental, but it may 
indicate a change of lithology within the gra:p.ite body, 

which has no distinctive geophysical expression at any 
other place where it has been mapped. 

Our results may be summarized as follows: The 
radioactivity data are in excellent agreement with the 
mapped boundary of the porphyritic granite across the 
northern edge of the quadrangle. They are also in 
genera.} agreement with the mapped outlines of the 
syenite bodies of the central ring structure. Both mag
netism and radioactivity indicate possible interfinger
ing of the syenite and gabbro at the northern end of 
the western syenite body. Most of the magnetic highs 
associated with the ring structure lie within the gabbro 
adjacent to the syenite-gabbro contact, which indicates 
that the magnetite causing the anomalies is localized 
along the contact. The areas of high radioactivity 
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~tlong the eastern edge of the quadrangle do not a.ppear 
to be 1tssociat:ed with any pa-rticular type of rock; they 
mn .. y be related to prominent shear zones, or to base
metal a.nd heavy-mineral concentrations along those 
zones, or to both. 
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86. A MAJOR TOPOGRAPHIC LINEAMENT IN WESTERN NORTH CAROLINA AND ITS POSSIBLE STRUCTURAL 
SIGNIFICANCE 

By JoHN C. REED, JR., and BRUCE H. BRYANT, Denver, Colo. 

The Brevard belt is a narrow "dejective zone" (IGng, 
1955) containing low-grade phyllites and schists and 
layers and lenses of recrystallized limestone (fig. 86.1). 
The belt has been traced for over 300 miles, from near 
Asheville, N.C., to its disappearance beneath Coastal 
Plain deposits in east-central Alabama. l{eith (1905) 
interpreted these rocks as an infold of younger, less 
metamorphosed rocks, whereas J om1s ( 1932) inter
preted them as retrogressively metamorphosed base
ment rocks. As mapped by J{eith (1905), the belt turns 
north and fingers out a few miles southwest of the 
Grandfather Mountain window. Hamilton (1957) has 
shown, however, that what l{eith mapped east of Ashe
ville as fingers of Brevard belt rocks consist mainly of 
polymetamorphic schists formed by retrogressive meta
morphism of adjacent higher grade rocks. 

From a point southwest of Brevard to one 10 miles 
southeast of Asheville, the Brevard belt follows a, pro
nounced topographic .lineament which extends north
eastward beyond the end of the belt as mapped by 
Keith; it passes northwest of Marion and just southeast 
of the Grandfather Mountain window, and extends 
down the valley of the Y akdin River at least as far as 
Elkin. A.long the southeast side of the lineament, near 
Marion, lenses of marble resembling the crystalline 
limestone in the Brevard belt farther southwest have re:
cently been found by Conrad (1959, and oral communi
cation). East of Elkin, along the projected strike of 
the topographic lineament, is an area of quartzite, 
qunrtz schist, and marble about which little is known 
(Stuckey and Conrad, 1959). These are unusual rock 
types in the Piedmont, and their occurrence here may 
be related in some wny to a structure expressed by 
the lineament. 

In the course of mapping the Table Rock 15-minute 
quadrangle, the rocks along the lineament have been 
studied for about 16 miles northeastward along its 
course from a point north of Marion. Topographically 
the lineament is not as well defined in this segment as it 
is to the northeast and southwest, chiefly because no 
major stream flows along it. A zone of blastomylonites 
(first recognized by Stose and Stose, 1951) and other 
highly cataclastic rocks extends along the lineament 
continuously across the quadrangle. The blastomylo
nite zone has. a slightly sinuous trace, and lies 0.8 mile 
to 1.5 miles southeast of the overthrust along the south
east side of the Grand father Mountain window. 

The rocks of the Inner Piedmont southeast of the 
blastomylonite zone are fine-grained well-layered bio
tite gneisses interlayered with biotite.:.muscovite schists, 
amphibole gneisses, and amphibolites. These rocks are 
all of amphibolite grade, but they clearly show poly
metamorphic effects. They are intruded by concordant 
sill-like bodies of biotite-quartz monzonite of at least 
two types. Cleavage and layering are parallel in the 
metamorphic rocks; both strike northeast and dip 40° 
to 60° southeast, except for local reversals in the noses 
of tightly appressed isoclinal folds. Fold axes and an 
intense cataclastic lineation trend northeast-southwest, 
with low plunges in either direction. 

The rocks between the blastomylonite zone and the 
Grandfather Mountain window are similar to those to 
the southeast, except that they show even more intense 
cntaclastic effects and have undergone partial retro
gressive metamorphism to the greenschist facies. Their 
cleavage is parallel to the axial planes of tight sheared
out isoclines in the layering, which genet·ally strike 
northeast and dip 30° to 70° southeast. In places the 
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cleavage and the limbs of the isoclines have been re
folded, producing extremely complex structural pat
terns. 

The lineament .belt marks a rather abrupt change in 
the regional lineation pattern. Within the Grandfather 
l\{ountnin window and in the rocks to the north and 
west a strong cataclastic "a': lineation trending north
west predominates. Near the southeastern boundary of 
the window this lineation swings to a north-south trend; 
the swing continues across the lineament belt to its 
southeastern edge, marked by the blastomylonite zone, 
where the lineation trends northeast, pa.rallel to the 
regional lineation in the rocks of the Inner Piedmont. 

The rocks of the Blue Ridge north and west of the 
Grandfather Mountain window are 1nica schists and 
gneisses, amphibolites, and amphibole gneisses, contain
ing extensive areas of migmatitic granitic gneisses and 
massive granitic rocks. They differ from the Inner 
Piedmont rocks southeast of the lineament belt in the 
higher proportion of mica schist and amphibolite, in 
the more migmatitic aspect of many of the gi1eisses, in 
the character and structural habit of the granitic rocks, 
and in the composition of their pegmatites. 

Strong lithologic differences between rocks on the 
two sides of the Brevard belt are indicated on J(eith's 
map of the Pisgah quadrangle ( 1907), and to a. lesser 
extent on his ma.p of the l\{ount Mitchell quadrangle 
( 1905), although his description of the rocks does not 
mnke these differences clear. 

The Brevard belt. and its northeastward extension 
constitute a major tectonic feature that separates the 
Blue Ridge belt from the Inner Piedmont belt. The 
differe11ces between the rocks of these two belts, to
gether with the occurrence of blastomylonites and ret.
rogressi ve rocks along the 1 ineament i.n the Table Rock 

quadrangle and the abrupt change in the lineation 
pattern described above, suggests that the belt marks 
a 'fault of considerable magnitude. Whether the fault 
is an overthrust, as believed by Jonas ( 1932), or a 
strike·-slip fault is not yet established. It seems un
likely that the lineament marks a normal fault as be
lieved by 'V'hite ( 1950). 

The relation of the retrogressed rocks and mylonites 
along the lineament in the Table Rock quadrangle to 
the Brevard schist mapped by J(eith (1905, 1907) far
ther southwest is not yet understood. 

REFERENCES 

Conrad, S. G., 195!), New occurrence of crystalline limestone in 
McDowell County, N.C. [abs.]: Geol. Soc. America Bull~ 
v. 70, p. 1760. 

Hamilton, W. G., 1957, Polymetamorphic rocks of the Blue 
Ridge front near Old Jf'ort, N.C.: Am .. Jour. Sci., v. 255, p. 
568-573. 

Jonas, A. 1., 1932, Structure of the metamorphic belt of the 
southern Appalachians: Am .. Jour. Sci., 5th ser., v. 24, p. 
228-243. 

Keith, Arthur, 1.905, Description of the Mount Mitchell quad
rangle [North Carolinu-Tennessee] : U.S. Geol. Survey 
Geol. Atlas, Folio 124. 

--1907, Pisgah Folio, U.S. Geol. Survey Geol. Atlas, }"'olio 
147. 

King, P. B., 1955, A geologic section across the southern Ap
palachians-an outline of the geology in the segment in 
Tennessee, North Carolina, and South Carolina, in Russell, 
R. J., ed., Guides to southeastern geology: Geol. Soc. 
America, p. 332-373. 

Stose, G. W., and Stose, A .. J., 1951, Blue Ridge Front-a fault 
scarp: Geol. Soc. Amer~ca Bull., v. 62, p. 1371-1373. 

Stuckey, .J. h, and Conrad, S. G., 1959, Metasedimentary rocks 
in Stokes, Surry, Yadkin, and }"'orsyth Counties, North 
Carolina [abs.] : Geol. Soc. America Bull., v. 70, p. 1770. 

White, W. A., 1950, Blue Ridge }"'rnnt-a fault scarp: Geol. 
Soc. America Bull., v. 61, p.1309-1364. 

87. GEOLOGIC RELATIONS INFERRED FROM THE PROVISIONAL GEOLOGIC MAP OF THE CRYSTALLINE ROCKS 
OF SOUTH CAROLINA 

By '~riLLIAl\I C. OvJmSTUJ<~J<~T and H~<~NHY BJ<:u, III, Beltsville, Mel. 

A provisional geologic map, showing the crystalline 
rocks and the overlapping edge of the coastal plain sed
iments in South Carolina, has been compiled on a scale 
of 1 :250,000. Few geologic studies have been made in 
this area, but we have found from field reconnaissance 
in South Carolina and from detailed studies in North 
Carolina that the main bedrock t.ypes can be inferred. 

from the county soil maps and reports of the U.S. De
partment of Agriculture; tlwse county soil maps and 
reports are the main source of the data shown on the 
provisional geologic map. 

Figure 87.1 shows the portion of the state covered 
by the map and some conspicuous geologic features. 
Though the absolute ages of the ma.p units are un-
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known, the map shows that a narrow belt of low-rank 
metasedimentary and metavolcanic rocks (fig. 87.1, 
unit km) extends southwestward across the central 
piedmont of South Carolina. The rocks at the north
ern end of this belt have been described by Arthur 
J(eith and D. B. Sterrett (1931, p. 4-6) and by T. L. 
J(esler (1944, p. 758-759). TJ1e northern pa.rt of the 
belt, including its extension in North Carolina, has 
been called by P. B. I<:ing (1955, p. 350-352) the J(ings 
Mountain belt, and we have extended this designation 
for the belt to the part crossing South Caro
lina. '¥here the Kings l\1ountain ·belt enters Georgia, 
its northwestern edge coincides with the most north
westerly exposure of the Little River series, shown by 
Stose and Smith (1939) on the geologic map of Geor
gia. Inasmuch as the eastern part of the Little River 
series is coextensive with rocks known farther north
eastward in South Carolina, North Carolina, and Vir
ginia ns the "Carolina slate belt" (fig. 87.1, unit vu) 
J(eith and Sterrett (1931, p. 4-5) and Kesler (1936, 
p. 34) have postulated that the rocks ·in the Kings 
Mountain belt and "Carolina slate belt" are possible 
stratigraphic equivalents. "Ve suggest that this possi
bility may be demonstrated in Georgia. 

The Brevard belt (I<:ing, 1955, p. 356-358) (fig. 87.1, 
unit bv) which consists of low-rank metamorphic rocks, 
is shown to extend across the northwest corner of South 
Carolina, separating the sillimanitic ·gneisses of the 
Inner Piedmont belt (King, 1955, p. 352-356) (fig. 87.1, 
unit is) from the kyanitic schists and gneisses of the 
Blue Ridge belt (King, 1955, p. 358-363) (fig. 87.1, 
unit br). Although the rocks of the Brevard belt re
semble in many ways the rocks in the Kings Mountain 
belt, no other evidence for correlation has been found. 

East of the Kings Mountain belt and mostly west of 
the Carolina slate belt is a group of plutonic rocks, 
largely gneisses, called by King (1955, p. 346-350) the 
Charlotte belt (fig. 87.1, unit cgn); this belt thins 
southwestward. The map shows for the first time cir
cular and ring-shaped areas of syenite and gabbro 
within the Charlotte belt near the Georgia border. The 
map also discloses that several granitic bodies in the 
eastern Piedmont are small plutons, quite unlike the 
northeastward elongate batholiths that are generally 
supposed to exist in the area (Stose and Ljungstedt, 
1932). The age of the plutons is not known, but some 
of them cut the Carolina slate belt, and we think they 
are slightly older than the syenite. 
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88. DETERMINATION OF STRUCTURE IN THE APPALACHIAN BASIN BY GEOPHYSICAL METHODS 

By ELIZABETH R. l{ING and IsiDORE ZIETZ, Washington, D.C. 

The Geologica.! Survey's geophysical data in the 
Appalachian l\1ountains and the plateau areas to the 
west have been brought together in a.n attempt to de
linea.te trends and ma.jor lithologic units in the crystal
line basement and to estimate the thickness of the over
lying sedimentary rocks in v~trious places. The d~tbt 
consist ma.in ly of long aeromagnetic profiles flown by 
the Survey at various times over a period of more than 
ten yen.rs, but include a minor amount of gravity da,ta. 

The region studied lies west of. the Blue Ridge prov
ince and extends from Ala.bama to New York State. It 
includes parts of the Valley a.nd Ridge province and 
the Appala.chian Plateau, and the portion of the In
terior Low Plateaus that lies in Tennessee, Kentucky, 
and Ohio. In this region Paleozoic sedimentary rocks 
were deposited in a broad basin. Although many 
holes have been drilled in these rocks, very few have 
reached the crystalliile basement, and iii much of this 
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n,rea the total thickness of the Paleozoic rocks is not 
known. 

The regi.onnJ structures -may be a.ssigned to three 
major subdivisions of the area: (a) a central stahle 
region, (b) a foreland, and (c) the Paleozoic basin 
(Iring, 1951). The first coincides roughly with the 
Interior Low Plateaus; it is bordered on the southeast 
by a series of structurally high areas, including the 
Nashville dome, the Cincinna.ti arch, and the Findlay 
nrch, which are nlined a.long the northwest side of a 
zone of downwarping. In this stable region the Pa
leozoic rocks a.re relatively thin except in local basins. 
"!''he forela.nd lies east of the zone of down warping; 
its structure consists of the broad Allegheny syn
clinorium, which underlies the Appalachian Plateau. 
The third sub-division is in the Valley and Ridge prov
ince or folded, Appalachians, a.nd forms part of the 
main basin of deposition of the Appalachian geosyn
cline. 

Little is known :tbout the Precambrian rocks be
neath the Pn:leozoic sedin1entary rocks. Precambrian 
rocks a.re exposed at the surface in the Blue Ridge 
to the east, where intrusion aJ1d metamorphism have 
produced a, crystalline complex. Some of the later 
Precambrian sedimenta.ry rocks, such as those of the 
Ocoee series and the Talladega series, do not differ 
greatly from the Pn1eozoic ·rocks except for their lack 
of fossils. Since ma.gnetic a.nomaJies are generally 
caused by igneous and metamorphic rocks and not by 
unmet.<tmorphosed sedimenta.ry rocks, depths to mag
netic rocks calculated from the magnetic anomalies 
will not distinguish between HJ1 all-Paleozoic section 
nnd one that includes both Paleozoic and unmeta-. 
morphosed Precn.mbrian rocks. 

Our preliminary interpretations are mostly based on 
nine aeromagnetic profiles extending from a purl of 
the Blue Ridge just north of Asheville, N.C., to the 
Ohio River at Louisville, l(y. The profiles intersect 
the prevailing structural trend at right angles, and 
cover a strip a.bout 20 miles wide a.nd 250 miles long 
ncross the southern Appa.lachia.n Mountains and the 
part of the plateau region that adjoins it on the west 
(fig. 88.1). 

The individual magnetic anomalies have a pro
nounced northeasterly trend, parallel to the regional 
tectonic trend of the Appalachian Mountains. Their 
dominant feature is a group of exceptionally ·large 
anomalies which delineate a block of strongly magnetic 
I;ock, approximately 100 miles wide, under the Ap
palachian Plateau. The few gravity data. available 
n.long this same strip (G. P. 'Voollard, written com
munication, 1960), show a marked resemblence to the 

5577t53 0-60-14 

over all magnetic pattern; a positive gravity anomaly, 
having a maximum Bouguer value of + 30 milligals, 
coincides with the group of large magnetic anomalies. 
These magnetic and gravity anomalies probably in
dicate a large mass of predominently mafic igneous 
rock. Both the magnetic and gravity anomalies may 
be augmented by topography, for the crystalline 
rocks lie much deeper on both sides of this block 
(fig. 88.1). But topography alone cannot explain the 
large magnetic anomalies, for if they are projected even 
two miles upward, by the method of Henderson and 
Zietz (1949), they are still much larger than those ob
served in adjacent areas. A lithologic contrast is also 
indicated by the fact that where positive gravity 
anomalies of such amplitude occur over continental 
rocks, they are usually associated with dense, mafic 
rocks. 

Depth to magnetic rock has been estimated from · 
many of the individual magnetic anomalies. The re~ 
sults were generally consistent, and they indicate that 
in this part of the Appalachian Plateau province there 
are 8,000 to 10,000 feet of sedimentary rocks (fig. 88.1). 
These thicknesses are less than those predicted from 
stratigraphic evidence, but ~tre supported by data from 
recently drilled wells that reach the basement. 

How far this block of magnetic rock extends to the 
north and south is not clearly shown by the other 
magnetic profiles now available. The group of large 
anomalies is equally prominent on profiles between 
Knoxville and Nashville, Tennessee, but it is much less 
distinct and of smaller amplitude farther south, and is 
not observed on a. profile across Alabama west of 
Birmingluim. It is present, but much subdued, on a 
profile between Charleston, vV. Va., and Lexington, Ky., 
and is not seen on profiles across southern Ohio. 

In the Valley and Ridge province, depths to magnetic 
rocks calculated from anoma.lies on the nine profiles 
across southern J(entucky indicate that the thickness of 
the Paleozoic section averages about 17,000 feet but 
increases southeastward (fig. 88.1), as if the basement 
surface plunged in that direction. 'Vest of the Appa
lachiai1 Plateau, over the Cincinnati arch, depths of 
about 15,000 feet were obtained-depths not only much 
greater than under the Plntea.u itself, but much greater 
than had previously been estimated for Paleozoic rocks 
of the central stable region. One possible explanation 
is that the arch is underlain by a great thickness of Pre
cambrian sediments or other nonmagnetic rocks. In 
eastern Indiana, also, near the crest of the Cincinnati 
arch, the state-wide aeromagnetic survey revealed broad 
low-amplitude magnetic anomalies in Jay, Blackford, 
and Del a ware Counties that suggest the presence of 
relatively nonmagnetic rock. This was confirmed in 
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Jay County where a drill hole penetrated Precambrian 
dolomite (Henderson and Zietz, 1958, p. 22). 

In the region northeast of Kentucky northeasterly 
magnetic trends appear to be indicated by sets of pro
files across Ohio, West Virginia, and Pennsylvania. 
The magnetic data indicate also a much greater thick
ness of sedimentary rocks in the northern part of the 
Appalachian Plateau province. The Hope well, 15 
miles east of Parkersburg, vV. Va., reached basement at 
13,310 feet. As a depth of over 10,000 feet was calcu
lated from magnetic data obtained just west of Parkers
burg, the deepest part of the basin may lie still farther 
east. The thickness also increases northeast of Parkers
burg, on the Allegheny Plateau in central Pennsyl
vania, where depths of 19,000 to 22,000 feet were calcu-

lated from an aeromagnetic survey of Clearfield County 
( J oesting and others, 19.49). 
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89. RESIDUAL ORIGIN OF THE "PLEISTOCENE'' SAND MANTLE IN CENTRAL FLORIDA UPLANDS AND ITS 
BEARING ON MARINE TERRACES AND CENOZOIC UPLIFT 

By Z. S. ALTSCHULER and E. J. YouNG, Washington, D.C. 

The sedimentology of the quartz sands blanketing 
the Land Pebble phosphate field in west-central Florida . 
was studied in relation to the lateritic weathering that 
affected the underlying Pliocene phosphorite ( Alt
schuler and others, 1956). The sands are generally 3 to 
8 feet thick. They are usually mapped as Pleistocene 
and are regarded as a succession of transgressive marine 
terraces, extensive, subparailel along the strike, and 
·separated by scarps. The presumed terraces are mapped 
on the basis of a.ltitude accordance, thus presupposing 
the absence of post-depositional differential uplift. 
Three aspects of the prevailing viewpoint will therefore 
be critically examined : (a) that the sands are trans
gressive deposits of Pleistocene age; (b) that the blank
eted area is structurally stable; (c) that the sands are 
differentiated in a pattern, and at altitudes consistent 
with the terrace hypothesis. 

The area studied begins about 20 miles east of the 
Tampa Bay regimi. It is generally very flat except for 
a low north-south ridge of karst topography that di
vides the Alafia and Peace River drainages and rises to 
over 250 feet (figs. 89.1 and 89.2). The central Flor
ida region has many such long north-south ridges, 
which are the locales of the many sinkhole lakes. Off 
the ridge the prevailing altitude is 100 to 130 feet. 
According to Cooke ( 1945) the Sunderland and Coharie 
shorelines would be present at 170 feet and 215 feet. 

In MacNeil's ( 1950) modification, the Okefenokee 
shoreline would be present at 150 feet, but higher ter
races would be absent in this area. 

The contact between the sand mantle and the under
lying clayey sands of the Pliocene Bone Valley forma
tion is irregular and gradational in detail. Patches of 
clayey sand occur in the sand mantle above the "con
tact" and nests of eluviated loose quartz sand occur in 
the clayey sand beneath it. Size analyses and heavy 
mineral analyses of closely spaced samples through sev
eral vertical sections reveal that the sand blanket is 
essentially identical to the sand fraction of the sub
jacent Pliocene Bone Valley formation (fig. 89.2). 
Where observed along extensive plains, the sand mantle 
thins with corresponding thinning in the zone of 
lateritically altered clayey sand beneath it. These facts 
indicate that the quartz sand blanket is mainly an in
soluble residue of the lateritic alt~ration of the Bone 
Valley formation, and not a transgressive Pleistocene 
deposit. Sellards ( 1915) and Ketner and McGreevey 
(1959) have also interpreted the sands to be residual. 
A few channel and dune deposits of Pleistocene toRe
cent age, and a thin veneer of wind-reworked material 
represent. the principal nonresidual deposits. 

The differentiation of the sand blanket (originally a 
clayey sand) was studied in terms of the size, sorting, 
and skewness properties of over 100 samples distributed 



.; 
\ 

y' 

GEOLOGY OF EASTERN UNITED STATES B203 

mainly across 9 townships (fig. 89.1a). Samples were 
tn.ken from a zone 8 inches to 3 feet below the surface 
after numerous tests of the entire profile revealed essen
tial identity throughout. However, most of the samples 
came from close to the surface. 'Vhen the size data are 
plotted by sample location and contoured a definite re
la.t.ion to present-day topography is revealed. As seen 
in figure 89.1b, the coarser sands mantle the ridge, 
and the coarsest deposits form barlike accumulations on 
the ridge flanks. The finer sands are lowland deposits, 
flooring the valleys and straddling the lower parts of 
the ridge. Transitions between fine and coarse deposits 
are gradual except near the "bars." Despite this general 
relation of median size to topography (exhibited also 
by quartile, skewness, and sorting data) the sand dif
ferentiation is discordant to any .o"f the proposed 
Pleistocene shorelines and to absolute altitudes. Note 
that the 160 foot contour outlining the ridge cuts di
rectly across both the coarsest and finest deposits. In 
other words, the grade size distribution of the body of 
sand is completely independent of the previously pro
posed Coharie (215 feet), Sunderland ( 170 feet), or 
Okefenokee ( 150 feet) terraces. It reflects the size 
differentiation of Bone Valley time and suggests that 
the modern ridge existed as a shallow submerged ridge 
during Bone Valley time. (The phosphate pebble zone 
comprising the lower two-thirds of the Bone Valley 
formation is conglomeratic in the ridge and consid
erably finer in the adjoining low areas.) 

It is known from a great volume of ddlling data that 
the Bone Valley formation is continuous across the 
Land Pebble field. From this continuity and the struc
tural relation of the formation to the central north
south ridge (fig. 89.3), it is evident that the formation 
has been considerably bowed up since deposition. This 
follows from the fact that a maximum altitude differ
ence of the formation exceeds 100 feet, whereas the 
fonnation is generally only about 30 to 40 feet thick, 
although quite widespread over the region. Thus, up
lift initiated in Pliocene or late pre-Pliocene time 
resulted in the development of shallow water facies in 
the Bone Valley formation, yielding a conglomeratic 
lower zone, and winnowed, barlike deposits in the clayey 
sands. Lnt:eritic weathering has created a residual 
sand plain over the region, which preserves the original 
sediment diff'erentia.t.ion. The larger ridges of the 
present landscape in the Land Pebble field result from 
the renewal or continuation of uplift rather than sand 
accumulations of presumed Pleistocene shorelines. 
The thickening of the deposits in some ridge areas is 
•·elated to the influence of the uplift in localizing coarse 
detritnl accumulation. 

The derivation of the linear ridges by uplift dating 

back to pre-Pliocene offers a key to the pronounced con
centration of simple and compound sinkhole lakes 
within the narrow uplifts. In contrast to the numer
ous shallow lakes and swamps of the surrounding flat
lands, the lake basins of the ridges are deep, steep 
walled, often lacking in external drainage, and con
nected to a cavernous underground drainage network 
(Stewart, 1959). Many ridge basins have a present
day record of renewed, sudden deepening indicated by 
stepped profiles, soil movements and slanting trees, and 
dramatic historic accounts. Clusters of round sinkhole 
lakes occur as well where the ridges extend below pre
sumed terrace altitudes, although MacNeil ( 1950, p. 
101) asserted their general absence below 150 feet, and 
attributed this supposed absence to filling by the 
Okefenokee sea. (MacNeil's paper predates much of 
the topographic mapping in this region). Studies of 
the bottom configuration and stratigraphy of some of 
the lake sediments indicate a record of existence and 
renewal of collapse dating back, like the ridge uplifts, 
at least to pre-Pliocene. It seems clear, therefore, that 
the lakes in the ridges represent a renewal and intensifi
cation of karst development, generated by uplift. Such 
uplift initiates readjustments in the cavernous drainage 
network of the basement limestones, reactivating solu
tional downcutting and additional collapse in older 
sinks, and furthers the generation of new sinks. Sink
holes outside of the ridges are less numerous, generally 
less youthful, and more frequently plugged or filled. 
Such collapse is also evident in faulting within the 
Bone Valley formation in the Lakeland ridge. 

The linearity and alinement of the ridges, the aline
ment of lake chains and sink holes within them, and 
our knowledge of major fault systems in peninsular 
Florida (Vernon, 1951) suggest that the uplift is 
caused by major faulting in deeper rock. 
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FIGURE 89.1.-Topographic map of parts of Hillsborough and Polk Counties, Fla. Black dots are sample locations. Cont-our 
interval=20 feet. 
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FIGURE 89.2.-M:edian size distribution of sand in surface mantle in parts of Polk and Hillsborough Counties, F1a. Data ob
tained from cumulntive frequency curves. Isograde contour interval=O.Ol mm. Heavy lines are the 160- and 18Q-foot 
topographic contours. 
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90. A TROPICAL SEA IN CENTRAL GEORGIA IN LATE OLIGOCENE TIME 

By EsTHER R. APPLIN, Jackson, l\1iss. 

The discovery of many well preserved specimens of 
the forn.miniferal genus llfiogyp•sirna in samples from 
a well in Cofl:'ee County, Ga., leads to the inference that 
It sea extended into centra.] Georgia in late Oligocene 
time (figs. 90.1 and 90.2). The nearest previously 
known occurrence of the genus was in test well 3 at Port 
St. Joe, Gulf County, Fla. (Cole, 1938, p. 8-19); there 
is no published record of its having been found in any 
well or in any outcrop of Oligocene rocks between Gulf 
County, Fla.., and Coffee County, Ga., which are about 
200 miles a.pa.rt (fig. 1). The genus llfiogypsina, which 
lived in wa.rm, clear, shaJlow seas, has been found, how
ever, in sediments of late Oligocene age in the Panama 
Ca,na.l Zone (Cole, 1957) and in Puerto Rico (Sachs, 
1959). T.he geographic distribution of the genus in 
the centra.l and eastern Gulf Coast was described by 
Akers and Drooger (1957). 

Numerous detailed studies of the effects of environ
nlenta.l conditions on various groups of living organisms 
indicate that closely similar ·fossil genera probably 
grew .in similar environments. It therefore seems likely 
that sediments containing the miogypsinids found in· 
Georgia were deposited in one of the marginal over
laps of the sea which oscillated back and forth over the 
inner Continental Shelf in late Oligocene time, when 
the waters of the Atlantic Ocean were still warm a.nd 

equable. The tempera.ture of this sea is believed to have 
been appreciably lowe1·ed in Miocene time by an influx 
of Arctic waters. Although the Oligocene sea in 
Georgia, like other seas of Oligocene time, was prob
ably an in:n.er neritic, fluctuating sea, it covered the 
area long enough to deposit about 600 feet of fine-tex
tured, impure calcium-carbonate sediments, and long 
enough to allow the periodic. introduction of several 
microfaunas, which appeared :in the sa.me sequence here 
as in the Panamanian region. The miogypsinid zone 
is the youngest faunal zone represented ii1 this sequence. 

Miogypsinids are particularly significant because of 
their very limited time-range, and because of their wide 
geographic distribution in the Gulf of Mexico, Carib
bean, and Mediterranean areas. They are therefore use
ful in helping to solve interregional correlation prob
lems, and since little had been published regarding the 
Oligocene rocks of the Atlantic Coastal Plain, the dis
covei'J of a moderately thick body of Oligocene sedi
ments, identified by their containing Ill yogypsina and 
other characteristic Oligocene micro-fossils, in eastern 
Georgia; adds greatly to our knowledge of the Teritiary 
geology of that region. 

In a report on the geology of the Coastal Plain in the 
central Atlantic States, Spangler and Peterson ( 1950, 
p. 97) wrote, "Uplift followed Eocene deposition and 
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during Oligocene and part of lower Miocene erosion 
took place." According to Spangler (1950, p. 131) 
"No Oligocene has been identified either in outcrop or 
from well samples in North Carolina." Swain (1951, 
p. 6, 7), however, assigned a questionable Oligocene age 
to a part of the sections in Hatteras Light well No. 1, 
and the North Carolina Esso well No. 2, both in North 
Carolina. Very little information has been published 
regarding sediments of Oligocene a.ge in the eastern 
part of the Florida peninsula. Cole ( 1944, p. 23-24) 
identified five feet of Oligocene beds in a well in Nassau 
County, Fla., and the occurrence of 20 feet of Oligocene 
rocks penetrated in a well in Duval County is described 
in an unpublished report of my own. No miogypsinids 
were found, however, in either of these Florida wells, 
and none were found in the North Carolina wells. 
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91. SIGNIFICANCE OF CHANGES IN THICKNESS AND LITHOFACIES OF THE SUNNILAND LIMESTONE, COLLIER 
COUNTY, FLA. 

By PAuL L. APPLIN, Jackson! Miss. 

The Sunnila.nd limestone, of Trinity (Comanche) age, 
was penetr11ted in about 60 deep test wells in central 
and southern Florida. This Lower Cretaceous lime
stone contains the reservoir rock of the Sunniland oil 
field (fig. 91.1), Florida's only producing field. In the 
short-lived ( 1954-55) Forty Mile Bend field (fig. 91.1), 
in Dade County, two wells produced a small quantity 
of oil from the Sunniland limestone; and showings of 
oil have been observed in the limestone in scattered 
wildcat test wells in southern Florida. 

The term "Sunniland," as applied to a rock unit, was 
first published by Pressler (1947, p. 1859 and fig. 3), 
who referred to the "Sunniland zone," the "Sunniland 
limestone," and "the formation." Although neither 
Pressler nor later writers defined the unit or described 
a type section in a published article, common usag,e has 
estnblished the name "Sunniland limestone" in the 
geologic nomenclature of Florida. It is here used to 
designn.te a subsurfnce unit (fig. 91.2) of middle Trin
ity (Comanche) nge in southern Florida. The Sunni
land is composed chiefly of limestone, dolomite, nnd 
shn.le. It overlies the so-called "thick anhydrite" or 
"lower anhydrite" w1it, and underlies the so-called 
"upper anhydrite" unit, both of Trinity age. 

The Sunniland limestone is about 100 feet thick in 
severn] we1ls in centrnl Florida, but appea.rs to thin 
northeastward and pinch out on the southwest flnnk of 
the Peninsulnr arch (fig. 91.1). It gradually thick
ens southwestward from the wells in centra1 Florida, 
and is 200 to 275 feet thick in wells in southern Florida. 
between Punta Gorda on the west coast and J(ey Largo 
on the east const. The Sunniland limestone (fig. 91.2) 
is 250 to 275 feet thick in wells in and near the Sunni
land field; but about 25 miles southwestward, in the 

Humble Oil & Refining Co's Collier Corp. well 1 in 
Collier Connty, it is only 69 feet thick (fig. 91.2). 

r--' 
, GEORGIA __ -----, )', 
'---FLoRiDA ', \ 

N 

/ 
50 0 100 MILES 

l!"IGURE 91.1.-0utline map of the Florida peninsula showing 
location of Collier County; 1, Sunniland oil field; 2, Collier 
Corporation well; 3, Forty Mile Bend oil field ; 4, axis of 
Peninsular arch; 5, Punta Gorda; 6, Miami; 7, Tampa; 8, 
Key Largo; approximate northern limit of Sunniland lime
stone (A-A') ; line of cross. section, figure 91.2 (B-B'). 
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FIGURE 91.2.-Stratigraphic cross section of beds of Trinity (Comanche) 1age penetrated in wells from Collier County to High
lands County, Fla. Cross section shows changes in thickness and lithofacies of the Sunniland limestone. Section along 
B-B' of figure 91.1. 

The Sunniland limestone is composed in general of 
dark dense argilla<?eous limestone and light-tan chalky 
limestone, interbedded with lenses of fine- to very fine
grained brown dolomite and dark-gra.y shale. Near 
the base of the unit in some wells, thin lenses of anhy
drite Rlternate with lenses of limestone, dolomite, and 
shale that contain fossils characteristic of the Sunni
land. Several wells also penetrated a few thin lenses 
of anhydrite nea.r the top of the unit. Stylolites are 
common in the Sunniland limestone, but these, unlike 
the stylolites in other units of Comanche age, are gen
erally filled with bituminous residue. The unit con
tains irregularly spaced lenses of bioclastic limestone, 
some of which are .composed of broken shell fragments 
and others of algal debris. · In the Sunniland field the 
uppermost 36 to 40 feet (Pressler, 1947, p. 1859) of the 
Sunniland limestone forms the reservoir rock, which 
consists mainly of interbedded hard, dense to porous 
limestone and hard, dense dolomite~ 

In contrast to the prevailing carbonate lithofacies of 
the Sunniland limestone, the stratigraphically equiva
lent unit in the Collier Corp. well southwest of the 
Sunniland field consists chiefly of dark-gray to black 
thinly laminated calcareous shale that has a strong odor 
of sulfur and contains free sulfur. in the shale partings. 
Interbedded with the shale are thin lenses of dark argil
laceous limestone, which is fossiliferous and somewhat 
stained with oil. 

The variations in thickness of the Sunnihtnd lime
stone, and the marked changes in lithologic facies indi
cated by samples from wells in Collier County, suggest 
that during Sunniland time the site of the Sunnila.nd 
oil field was near the margin of a shelf that bordered 
the northeastern rim of a rapidly subsiding basin. The 
changes in thickness and lithofacies of this unit from 
the Sunniland field southwestward to the Collier Corp. 
well are analogous, in general, to changes in the Penn
sylvanian rocks of west Texas described by Adams and 
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others (1951) as originating in "unfilled basins * * * 
surrounded by broad sediment-hoarding epicontinental 
shelves." These basins, in which the rate of subsidence 
was materially greater than the rate of deposition, were 
termed "starved basins." 

The available subsurface data indicate that a starved 
basin existed in southern Florida during Sunniland 
time. The greatly thickened "upper anhydrite" unit 
that overlies the thin Sunnihtnd limestone in the Collier 
Corp. well ~tpparently filled the basin after the deposi
tion of the Sunniland limestone. Since the Collier 
Corp. well provides the only evidence of a starved basin 

environment, data from additional deep test wells are 
needed to confirm the interpretation, to define the areal 
extent of the basin, and to determine the relation of the 
basin to relatively thick sections of the Sunniland lime
stone in other parts of southern Florida. 
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92. SIGNIFICANCE OF LOESS DEPOSITS ALONG THE OHIO RIVER VALLEY 

By Loms L. RAY, Washington, D.C. 

A stratigraphic succession of four loess deposits of 
Quaternary age occurs along the valley of the Ohio 
River between Louisville, ICy., and its mouth. The old
est, of J(ansan age, is exposed in only two outcrops, one 
near Yankeetown, Ind., and the other near Cairo, Ill. 
At each of these places the Kansan loess overlies mate
rials that were deeply altered by weathering during the 
pre-ICansan (Aftonian) interglacial age. The loess de
posited on this weathered surface was, in turn, deeply 
weathered during the succeeding post-l{ansan (Yar
mouth) interglacial age. Overlying the weathered 
J{ansan loess at each outcrop is a sequence of three dis
tinct loess deposits that are well exposed at many points 
along the Ohio River valley. They are: the Loveland 
loess, of Illinoian age, on which a characteristic profile 
of weathering was developed during the Sangamon in
terglacial age, and the distinctive Farmdale and Peorian 
loesses, both of Wisconsin age. The physical properties 
of these three loesses indicate remarkable regional uni
formity. 

The well-recognized relationship of loess to valley 
trains, from which the loessial silts were derived by 
wind deflation, leads inescapably to the conclusion that 
four valley trains, each of the same age as one of the 
four loess deposits, were developed within the valley of 
the Ohio River. The older valley trains, developed by 
the aggrading river during glacial invasion of its drain
age basin, were in part removed by degradation during 
succeeding interglacial intervals, and their remnants 
were buried by later valley trains. The surfaces of only 
the last two valley trains, of Wisconsin age, are now 

observable as terrace remnants along the river. The 
surface of the higher terrace, of Tazewell age, marks the 
maximum Quaternary alluviation of the valley below 
Louisville; the lower terrace represents the modified 
surface of the youngest valley train, of Cary age. 

The exposure near Cairo, Ill., in which all four of the 
loess deposits crop out, is adjacent to the ancient aban
doned valley of the Ohio River, to which the three older 
loesses are closely related. As the present courses of 
both the Mississippi and Ohio Rivers in this area are 
believed to have been established during the Wisconsin 
age, the youngest loess, the Peorian, may be in large 
part more closely related to the valley trains of the Mis
sissippi than to those of the more distant Ohio River. 

Glacial drifts of Kansan, Illinoian, and Wisconsin 
ages are recognized along and adjacent to the valley 
of the Ohio above Louisville, but thus far no drift as
signable to the Farmdale substage of the Wisconsin has 
been reported, although its existence is implied by the 
presence of the Farmdale loess. In all loess sequences 
examined, no loess deposit has been observed between 
the weathered surface of the Loveland and the base of 
the overlying Farmdale loess. There is thus no evidence 
to support the idea, suggested by some geologists, that 
an. ice sheet advanced into the drainage basin of the 
Ohio during the interval between the deposition of the 
Loveland and that of the overlying Farmdale loess. 
If such a glaciation had occurred, a valley train con
temporaneous with it should have been developed by 
the Ohio River, and a correlative loess deposit should 
occur in the outcrops adjacent to the river valley. 
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93. MAGNETIZATION OF VOLCANIC ROCKS IN THE LAKE SUPERIOR GEOSYNCLINE 

By GoRDON D. BATH, Menlo Park, Calif. 

The magnetization of the huge mass of Keweenawan 
lava flows in the Lake Superior geosyncline is of funda
mental importance in the interpretation of magnetic 
surveys in nearby areas. Unexpected magnetic 
anomalies were found in the area of the Duluth gabbro 
of northern Minnesota, and it is difficult to distinguish 
the magnetic effect of the gabbro and associated rocks 
from the wide-spread lateral effect produced by the 
large mass of lava flows. One of the constants needed 
for calculating the magnitude and extent of this lateral 
effect is the magnetization of the lava. 

The purpose of this paper is to explain the magneti
zation by an indirect method, which consists of com
paring the aeromagnetic anomalies found over the lava 
with the computed anomaly for the rock mass. The 
dominant factor in the calculations is the configuration 
of the rock mass: Fortunately the general structure of 
the lavas of the geosyncline is well known from geolog
ical studies that have been made over the past 75 years, 
and from recent gravity surveys by Thiel (1956). 

The ·lava flows on the northwest limb of the geosyn
cline dip about 10° southeastward, and those on the 
southeast limb dip 35° to nearly 90° northwestward. 
The axial part of the structure is occupied by upper 
Keweenawan sedimentary rocks (fig. 93.1). In the area 
of the aeromagnetic traverses, the lavas are disrupted 
on the north limb by the Douglas fault, and on the 
south limb by a similar fault which was indicated only 
by the gravity data. 

The lower part of figure 93.2, which shows the vol
canic rock mass as a large block of simple form, is a 
reasonable representation of the general structure. The 
general character of Thiel's gravity profile, section 
A-A', suggests a nearly symmetrical distribution of 
anomalous density in this mass. ·Thiel computed a 
maximum lava thickness of 33,000 feet along the pro
file, assuming densities of 2.90 g per cm3 for the lavas 
and 2.67 g cm3 for the sedimentary rocks. 

The areomagnetic profiles B-B' and 0-0' show a re
markable similarity for profiles 10 miles apart. The 
flight elevation was 1,000 feet above the ground surface, 
and small anomalies were _found over places where the 
volcanic rocks are near the surface. The anomaly for 
the structure reaches about 700 ga.mmas over the axial 
part of the geosyncline, which is an area of nonmagnetic 
sandstone, arkose, and shale. If these sediments were 

replaced by an equal volume of volcanic rock, the 
magnetic field here would be as great as 1,000 gammas. 

The theoretical anomalies of figure 93.2 were com
puted for several directions of magnetization, following 
the general procedure of Press and Ewing (1952). 
The magnetized rock mass was assumed to have a uni
form cross section and uniform magnetization, and an 
average magnetic susceptibility of 0.003 cgs. Mooney 
(Mooney and Bleifuss, 1953) found a mean value of 
0.004 cgs for 16 small rock samples measured in the 
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EXPLANATION 

r·>.\<;-'i:.:/:·1 Sandstone, arkose, and shale 

Dlavaflows 

~Duluth gabbro 

FIGURE 93.1.-Geologic map of part of the Lake Superior geo
syncline, showing locations of gravity profile A-A', and areo
magnetic profiles B-B' and C-C'. 
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laboratory, and 0.003 cgs for 37 large samples measured 
at the outcrop site. The direction of magnetization is 
measured in a vertical plane normal to the axis of the 
syncline shown in figure 93.1. 

Assuming that there was only induced magnetization 
and that the general structure is as shown in figure 93.2, 
a 1,000-gamma high over the axial part of the syncline 
would require a magnetization of 0.008 gauss and a 
magnetic susceptibility of 0.013 cgs. These values are 
about four times the values found by Mooney. A mag-

· netic susceptibility of 0.003 cgs gives the small anomaly 
( 1) of figure 93.2. 

A closer correlation between observed and calculated 
anomaly is obtained by assuming that the rock mass 
has a remanent magnetization in addition to its in
duced magnetization. Twenty rock samples of basalt 
collected by the U.S. Geological Survey from the north 
limb have an average remanent intensity of 0.01 gauss 
and a remanent direction normal to the axis of about 
40° for flows dipping. 20° to the southeast. DuBois 
(1955) found that samples of lava from the south limb 
have a similar direction after correcting for the angle 
of dip. The lavas are not metamorphosed, and the 
remanent magnetization was probably acquired when 
the rocks solidified and cooled through the Curie tem
perature. Subsequent change in attitude would there
fore give a corresponding change in direction of mag
netization. This would be expected to differ in the two 
limbs because of the great difference in the average dip 
of the flows. The calculated anomaly ( 2) in figure 
93.2 shows the effect of a remanent magnetization of 
0.01 gauss for nearly horizontal flows on the north 
limb, and for flows with an average dip of 60° on the 
south limb. 

Calculated profile ( 3) shows the combined effect of 
a 0.002-gauss induced magnetization and a 0.01-gauss 
remanent magnetization. Profile (3) is so similar to 
observe~ profiles B-B' and 0-0' as to establish the 
order of magnitude of the magnetization of the large 
rock mass. The aeromagnetic anomalies produced by 
the bulk magnetic effect of the l{eweena wan lava flows 
can thus be explained by combining the induced mag
netization with a remanent magnetization of about 0.01 
gauss. 
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94. MEASUREMENTS OF ELECTRICAL PROPERTIES OF ROCKS IN SOUTHEAST MISSOURI 

By C. J. ZABLOCKI, Denver, Colo. 

Electrical-property measurements were made of the TABLE 94.1.-Average values ot tl'-'e properties measured to·r the 

rocks penetrated by 6 drill holes in southeast Missouri major rock types encounterecl 

using inhole logging methods. The properties studied 
included self-potential, resistivity, induced polarization, 
and magnetic susceptibility. The holes ranged from 
2,000 to. 3,000 feet in depth and penetrated sedimentary 
rocks of Late Cambrian age underlain by a Precambrian 
complex of metavolcanic and intrusive rocks. The Pre
cambrian rocks, about 1,500 feet from the surface, con
tain large amounts of magnetite, and in places, traces of 
sulfides. 

The wide range in electrical properties on all the 
logs (fig. 94.1) are similar to those of many Precam
brian rocks logged in other areas (Zablocki and Keller, 
1957). The self-potentia.llog, which for the most part . 
is a "mirror image" of the resistivity log, showsvaria
tions as large as one-half volt. The mechanism of self
potentials developed in hard rocks is not fully under
stood; thus an interpretation is of little value at this 
time. 

The Lamotte sandstone of Late Cambrian age has 
a resistivity of 800 to 1,000 ohm-meters, which corre"' 
sponds to a porosity of about 6 percent. The top of 
the Precambrian, a weathered pink-gray quartz por
phyry, has a slightly lower resistivity, probably be
cause of a higher porosity developed by weathering. 
The reddish-gray quartz porphyry has a fairly high 
resistivity of 14,000 ohm-meters because of the low 
porosity. The magnetic susceptibility of this section 
is low, indicating that most of any original magnetite 
has been altered to hematite. (See table 94.1.) 

The rock below 1,500 feet is mainly reddish to gray 
quartz monzonite that contains introduced magnetite 
up to about 15 percent by volume, and sulfides. Vari
ations in the magnetic susceptibility log correspond to 
a striking degree with the color of the quartz mon
zonite as given in the detailed core log-that is, red-

Resistivity Induced Magnetic 
Geologic unit Lithology (ohm- polariza- suscepti-

meters) tion bility 
(Percent) (X lO-G cgs) 

Upper Cambrian: XJ03 Xt03 
Elvins group _______ Shale, dolomite _______ 0. 30Q-l. 3 3 nil 
Bonneterre dolo- Dolomite ____ --------- 6. 2 3 nil 

mite. 
Lamotte sand- Sandstone _____________ .800-1 3 nil 

stone. 
Precambrian: 

Intrusive rocks _____ Weathered pink-gray . 400-1 3 nil 
quartz porphyry. 

Reddish-gray quartz 14 3 nil 
porphyry. 

Red quartz monzo- 14 3 nil 
nite. 

Reddish-gray monzo- 1-16 5 5-18 

nite. 
Gray quartz monzo- . 0001-16 10 15-40 

nite. 
Dark basic dike _______ 14 ------------ 2 
Pink granite __________ 32 1 nil 

Volcanic rocks _____ Andesite porphyry ____ 37 3 25 
Welded agglommerate_ 28 3 lQ-20 

Reddish rhyolite por- 14 ------------ lQ-60 

. phyry. 

dish zones have low susceptibility, gray zones have 
high susceptibility. 

The magnetic susceptibility log also indicates that 
most of the zones of low resistivity are caused by 
higher concentrations of magnetite. The zones of pink 
granite are identified readily by their high resistivity· 
and low magnetic susceptibility. Zones of abundant 
sulfide minerals indicated on the log as good traces, 
have low resistivity owing to the combined presence of 
the magnetite and sulfides. In sections of 1ninor sul
fide concentration, the resistivity is fairly high. 

An anomalous zone with resistivity of nearly zero 
exists between 1,580 and 1,610 feet. A resistivity as 
low as this almost always indicates that the primary 
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mode of conduction is through metallic grains rather 
than pore waters. The magnetic susceptibility, which 
is also lQw in this interval, indicates only that the 
amount of magnetite is· small. Three possible expla
nations for the extremely low resistivity are: 

1. A small amount of continuously connected grains of 
magnetite. 

2. The presence of specular hematite (metallic), or 
3. An abundant amount of sulfide minerals not indicated 

on the core log. 

The Lamotte sandstone has an induced polarization 
response of about 5 percent. The response of the 

quartz monzonite is moderately .. high (about 8 percent) 
because of the presence of magnetite and sulfides. The 
pink granite has virtually no response, and the sulfide 
mineralized zones are indistinguishable from the mag
netite-bearing sections. 
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95. INTERPRETATION OF AEROMAGNETIC ANOMALIES IN SOUTHEAST MISSOURI 

By JoHN W. ALLINGHAM, Washington, D.C. 

Work done in cooperation with the Missouri Geological Survey and Water Resou,roes 

· The Ozark uplift, the major structural feature in the 
Paleozoic rocks of southeastern Missouri, .. is a· gentle 

· arch of low structural relief surrounded by shallow 
basins and terminated on the north end by the St. Gene
vieve fault zone. Exposed in a part of the uplift is the 
top .of a· granite ba.tholith, which was intruded into 
volcanic rock and encloses small bodies of granophyre 
and roof pendants of resistant extrusive. rock. These 
rocks are part of the basement on which Paleozoic strata 
were deposited. 

The major faults and dominant fracture patterns 
trend ·northeast, northwest,· and w~t. Faulting and 
tilting of the basement rocks, prior to sedimentation, 
provided sufficient local relief for the developm.ent of 
a maturely dissected .landscape of ridges and rounded 
knobs. The fault zones are believed to be channelways 
or permeable zones in which miiieral-bea.ring fluids mi
grated upward (Brown, 1958). This migration was 
partly controlled by the pinchout line ·of sandy beds 
around the knobs, and by peripheral fractures de
veloped in the Paleozoic rocks. In early Paleozoic time 
the dissected, hilly, partly faulted, platformlike borders 
of the basins of sedimentation formed an archipelago 
environment, characterized by sand ridges, wave-cut 
benches, reef structures, and slide breccias. These sedi
mentary. features and their controlling topography lo
calized later deposits of lead (James, 1952; Ohle and 
Brown, 1954; Snyder and Odell, 1958). Much of the 
region surrounding the mountainous or hilly core of 

Precambrian rock is characterized by a flat landscape, 
. with flat-lying Cambrian sedimentary carbonate forma
tions that lap up against or bury ridges and knobs of 
Precambrian rock. 

As most of the magnetic patterns are caused by Pre
cambrian igneous rocks, interpretation of regional aero
magnetic maps of southeast Missouri permits us to sep
arate .areas underlain by granite from those underlain 
by volcanic rocks, to locate and define some basement 
ridges and hills, to determine the extent and depth of 
shallow Paleozoic basins, to outline basin areas under
lain by granite, and to trace faults that ma.y partly con
trol basement topography. 

Figure 95.1 shows an aeromagnetic map covering an 
area of buried Precambrian igneous rock. This area 
can be divided into two parts of different magnetic 
character: (a) a magnetically flat basin underlain by 
granite of low susceptibility (shown at right), and (b) 
a magnetically complex area underlain by older volcanic 
roeks of high susceptibility that form near-surface fea
tures (shown at left). The magnetic pattern asso
ciated with the border of the basin results mainly from 
the contrasting magnetic character of granite and vol
canic rock. The map shows several types of anomalies : 
(a) broad high-amplitude anomalies (as much as 2,500 
gammas) partly caused by magnetite-bearing volcanic 
rock and partly by magnetite-rich iron deposits of eco
nomic importance, such as the one causing the Pea Ridge 
anomaly (nea.r point shown as 5,175); (b) broad ano-

.. 
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mnlies of relatively low amplitude (less than 600 
gammas), such as the one in the Rich\voods area 
(3,16D), due to a roof pendant of volcanic rock in 
granite; (c) small, low amplitude anomalies (less than 
:300 ga.mmas), such as the one over a buried knob at 
Potosi, east of 1,795. The low-amplitude anomalies 
(.less than 150 gammas) are commonly caused by topo
graphic relief, and to a lesser degree by lithologic 
diifcrences, altered zones at intrusive. contacts, or local 
concentration of magnetic minerals in the Precambrain 
rocks. The magnitude of magnetic anomalies asso
ciated with knobs of volcanic rock is generally twice as 
]a.rge as that of a.noma.lies over comparable surfaces of 
gru.nite. The distinctive magnetically flat pattern as
sociated with the granite outlines partly rounded 
structural basins conta.ining Pa.leozoic carbonate strata:, 
and shows a distinct gradient sloping southwest. This 
gradient is interpreted as indicating that the faulted 
granite blocks are tilted southwestward. The presence 
of small bodies of granophyre and isolated pendants of 
volcanic rock complica,tes the magnetic pattern in areas 
of relatively low magnetic relief. 
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FIGURE 95.3.-Aeromagnetic profile over a contact between 
granite and volcanic rock or granophyre. 

Aeromagnetic profiles are used to deduce plausible 
geometric relations as an aid in mapping areal geology. 
These relations are verified by fitting computed profiles 
to observed data by two- or three-dimensional analyses 
of the suggested geometry ( Pirson, 1940; Henderson 
and Zietz, 1956, 1957; Henderson, see Art. 52). A sec
tion from ~1a.rlow Mountain to Flatwoods (fig. 95.2) 
shows that the magnetic intensity is about 650 gammas 
higher over volcanic rock than over granite. The 
shape and magnitude of the anomaly over the south
ward-dipping contact between gnu~ite and volcanic rock 
consequently differs from tha.t over a vertical contact 
(fig. 95.3). In this area the attitude of intrusive con
tacts can be determined from magnetic data. The 
anomaly over Evans Mountain is greater than that over 
a. comparable hill on volcanic rocks. The 50-gamma 
anomaly at the St. Francis River north of Evans Moun
tain is caused by a. swarm of diabase dikes of easterly 
trend. The magnetic profile over the granite north of 
Evans ~1ounta.in is uniformly flat. 

Many anomalies of 150 to 300 gammas amplitude cor
relate with erosionally resista.nt roof pendants of vol
canic rock in the granite; an ex.:<tmple of this correlation 
occurs at Evans :Mountain (fig. 95.4). Isolated bodies 
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of volcanic rocks forming roof pendants have an in
creased magnetite content near the granite contacts, and 
the same is true of masses of intrusive felsite. 

Some ridges of volcanic rock, such as the one at Indian 
Creek, can be represented by prisms of infinite depth 
(fig. 95.5). The contacts there seems to be nearly verti
cal. The magnetic contribution of the topographic 
relief of the ridge to the total intensity field is com para-

GAMMAS 

500 

s 

0 

0- Computed 
prism + topography 
t::.K=5.7 X 10-3 cgs 

Flightline 

MILES 

Trachyte ranges from K=3.5xl0-3 to K=l5.4xlo- 3 cgs 
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high susceptibility near Indian Creek. Susceptibility of 
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data suppli'ed by St. Joseph Lead Co. 

tively small. The magnitude of the anomaly indicates 
a rock of high susceptibility containing an abnormally 
high concentration of magnetite. 

Recognition of faulting from the magnetic pattern is 
important in mineral exploration. Generally the anom
alies observed over fault zones are small. Major fault 
zones, where magnetic minerals have been altered, can 
be detected from a series of closed lows on contour maps 
(fig. 95.1) or by inflections or dips in magnetic profiles 
(fig. 95.6). 
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Profiles computed from two-dimensional models for 
the interpretation of flat-lying flows and pyroclastic 
rocks show the characteristic edge effects exhibited by 
the magnetic field associated with this type of geometry. 
A profile computed from a slab model shows that the 
Criswell anomaly results mainly from the effect of topo
graphic relief (fig. 95.7). 
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Magnetic relief of low-amplitude aeromagnetic anom
alies· can be exaggerated by second-vertical derivative 
or continuation down,vard of the total intensity mag
netic field (Henderson and Zietz, 1949; Henderson, 
1960). Contour maps of these intensified fields resemble 
the basement topography. Use of these fields in areas 
where anomalies are caused by irregularities on the 
buried Precambrian surface can eliminate the need for 
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some conventional ground magnetic surveys. As bp.ried 
hills of granite a.ncl volcanic rock control the sedimen
tary and structural environment of some lead deposits, 
the total-intensity aeromagnetic field over one knob of 
rhyolite was continued downwa.rd to a level correspond
ing to the surface of the basement rocks and correlated 
with second-vertical derivative m~tps of these fields (fig .. 
95.8). 

The zero contour of the second-derivative of the ob
served field corresponds to the outer extremities of mine 

j:300 
z ... 
_(!) 

z ww 
>..J 
;:: ... 
~ 2200 
0::;::) 
w 
00:: 

w oc... 
zen 
§ ~100 
en~ 

<( 
(!) 

0 

EXPLANATION 
--a-a

Observed fiold 1900 ft 

--a--a--
Field continued 

downward to-100ft 

······0·····0····· 
Second·vertical 

derivative of data 
-·-6---C:r-·-

Second-vertical derivative 
of continued field 

I \ 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

a I '. 0 
I \ \ 

I \ 
I I \ \ 

I I • \ 

/ ,J··e ... ~ I 
I .· I \ \ 

I : I ·. \ 
al 0 I ·~ I 

// ... / ,· .. \ 

, . ."' I b- ' 
., .,..,*" \ •• \ -e-- I \· ' 

Z 1 

0400 

~ 
..J 
w 

30d 

e' • ·~' f ':. 0 

I 
I 

u' 

\. 

2700 

·2600 

en 
<( 

2500 ~ 
<( 
(!) 

~ 
0 

2400 ~ 
;::) 
en 
<( 
w 
:a 

2300 g. 

2200 

2100 

w 
G: 

1~wu•u~ !)5.8.-Pt·oliles of derived magnetic fields over a knob of 
rhyolite. Subsurface dutft SUPillied by the St. Joseph 
T...ead Co. 

workings in a nearby lead deposit. The 250-gamma 
contour of the second-derivative of the continued field 
corresponds to the pinch-out line of the Lamotte sand
stone. The relative steepness of the continued field and 
vertical derivatives seem to indicate .the absence or 
presence of the pinch-out line of the sand and may be 
a useful guide in delineating more favorable areas for 
exploration. 

Aeromagnetic information in southeast Missouri is 
useful in distinguishing (a) areas having potential 
economic deposits of magnetite, (b) borders of basins 
having possible archipelago environments, (c) knobs 
and ridges having suitable sedi-mentary structures for 
localizing deposits of galena, (d) areas of faulting, and 
(e) the attitude of contacts. 
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96. SOME AFTERSHOCKS OF THE HEBGEN LAKE, MONTANA, EARTHQUAKE ·oF AUGUST 1959 

By S. W. STEWART, R. B. HoFMANN, and W. H. DIMENT, Denver, Colo. 

Prepared in cooperation with the U.S. Atomic Energy Oom·mission 

Two portable seismographs were operated inter
mittently at three stations from 1800h August 21 to 
0900h August 24, 1959 G.c.t. (Greenwich civi~ time), to 

record aftershocks of the Hebgen Lage, Mont., e.arth
quake of August 18, 1959 G.c.t. This was done because 
of current interest in determining possible differences 
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between ground motion caused by earthquakes and that 
caused by underground nuclear explosions. The seis
mographs used were identical with those previously 
used to record nuclear explosions at the Nevada Test 
Site (Stewart and others, 1959). In order to make the 
comparison it was necessary to learn, by study of seis
mograms, the approximate epicentral locations and 
magnitudes of. the more clearly recorded aftershocks 
of the Montana earthquake. It is the purpose of this 
note to summarize some of this information, but not 
to make any general comparison between the effects of 
nuclear explosions and earthquakes. 

Two three-component seismographs were operated 
intermittently at three locations from 3.5 to 6.1 days 
after the main shock of August 18, 1959, 06h 37m 15.0s 
G.c.t. (Seismological Society of America, 1959, p. 419). 
Moving-coil seismometers having a dan1ped natural fre
quency of about 3 cycles per second were used. The 
seismic system was calibrated in the range 1 to 20 cycles 
per second. WWV timing signals or chronometer relay 
closure marks were recorded on the seismograms. Lo
cations for the three seismograph stations were as 
fo1lows: 

Station Latitude Longitude Elevation 
(feet) 

Keg Spring, Idaho ___ 44°31.21'N 111 °37.14'W 7, 620 
Victor 1, Idaho ______ 43°36.64'N 110°5.36'W 6, 250 
Victor 2, Idaho ______ 43°38.41'N 111 °l0.25'W 6,000 

The Keg Spring and Victor stations were respectively 
about 40 km southwest and 130 km south of Hebgen 
Lake, which is near the center of the aftershock activity. 

At the Keg Spring station 604 aftershocks were re
corded with sufficient amplitude to permit calculation 
o:f their approximate magnitudes by the method of 
Richter ( 1958, p. 338-345). Recording with different 
magnifications for various intervals of time made it 
poss!ble to determine a wide range of magnitudes. By 
weighting the observed frequency of occurrence of after
shocks with respect to magnification, an estimate was 
made of the numbers of aftershocks that would have 
been observed in the recording interval of about 22 
hours if the seismograph had always operated at its 
maximum magnification (fig. 96.1). The data were not 
weighted below magnitude 1.15 because of the small 
sample size below this magnitude. 

The weighted values of the numbers of shocks indi
cate increasing numbers of aftershocks for decreasing 
magnitudes from 3.7 to 1.2 (fig. 96.1). The smallest 
shock recorded at the Keg Spring station had a magni
tude of 0.4. Richter and Nordquist ( 1948, p. 260), in a 
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FIGURE 96.1.-0bserved and weighted frequency of occurrence 
of aftershocks versus magnitude record'ed at Keg Spring, 
Idaho, seismic station, August 22-24, 1959 G.c.t. Snmple 
below magnitude 1.15 is too small to be meaningful. 

study of aftershocks recorded in southern California, 
observed that the number of aftershocks increased reg
ularly down to a magnitude of 0.4. Asada and others 
(1958, p. 23) have reported magnitudes as low as -2, 
and have indicated that the numbers of aftershocks of 
magnitudes ranging from 5 to -1 increase regularly 
with a decrease in magnitude. Many more low-magni
tude aftershocks would probably have been recorded 
if a seismograph had been located in the midst of the 
aftershock activity, instead of 30 to 60 kilometers from 
it, because the lower limit of the mn,gnitude of record
able earthquakes is apparently less than -2. 

Thirty aftershocks were sufficiently well recorded at 
two stations to determine the approximate locations of 
their epicenters (fig. 96.2). Although the location of a 
shock cannot be determined precisely from recordings 
at two stations, approximate locations can be deter
mined by making the following assumptions: The focus 
of the aftershock is at a depth of 10 km n.nd to the 
northeast of the line connecting the Keg Spring and 
Victor 1 stations; the velocity of compressional waves 
in the crust is 6 km per second; and Poisson's ratio for 
crustal material is 0.25. 

The epicenters were determined from the time inter
val between the onset of the direct P and S waves at the 
two stations, and the difference between the tim.es of on
set of the direct P-wave at both stations. These two 
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Ji'wu•u·~ H().2.-Approximate locations of epicenters of 30 after
shocks of the Hebgen Lake, Montana, earthquake of August 
18, 1H5!) G.c.t., recorded August 22-24, 1959 G.c.t. 

methods give a. "triangle of closure" that gives, on the 
assumptions above stated, an estimate of the error in lo
cating the epicenters. For the epicenters in figure 96.2 
the longest sides of the triangles range from 0 to 13 
kilometers and have an avernge length of 5 kilometers. 

In estimating the size of the area in which the after
shocks occurred, it is necessary to remember that the 
range of perceptibility of the small shocks is rather lim
ited. There may, for example, have been some unde
tected activity north a.nd east of Hebgen Lake. It is 
noteworthy, however, that no shocks were detected 
south of the area covered by the map, and if any shocks 
comparable to those recorded in this area had occurred 
father south they would probably have been detected 
at both stations. 

A group of 1epicenters in the eastern part of the map 
suggests a zone of activity trending slightly east of 
north. This alinement does not correlate with any 
known surface effects of the earthquake or with any 
known geologic trends. It occurs in an a.rea covered 
with volcanic rocks and alluvium of Cenozoic age. 
Most of the remaining epicenters are in the area where 
the surface was deformed by the earthquake. 
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97. DEPTH SOUNDINGS IN HEBGEN LAKE, MONTANA, AFTER THE EARTHQUAKE OF AUGUST 17, 1959 

By W. H. JACKSON, Denver, Colo. 

The major surface effects of the Montana earthquake 
of August 17, 1959, in the nrea bordering Hebgen Lake, 
Montann, included reactivation of the Hebgen fault 

with ·the exposure of new scarps as high as 20 feet, tilt
ing and warping of the Hebgen Lake basin, and altern
tion of Hebgen Lake shoreline by landslides. Because 
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FIGURE 97.1.--A, Map of northwest arm of Hebgen Lake showing location of depth-sounding traverse8J; R, profile of lake bot
tom along Madison River channel. 

of the possibility that similar changes may have oc
curred in the submerged banks and floor of Hebgen 
Lake, depth soundings were made throughout the lake 
to dete-rmine the extent of any changes. 

The lake was traversed from shore to shore and meas
urements were made with an acoustic echo.sounder that 
emitted pulses having a frequency of 37.5 kilocycles per 
second, a length of 6 milliseconds, and a peak power of 
150 watts. Soundings were made at the rate of 550 per 
minute, and echoes from the bottom were recorded on 
moving paper to produce, in effect, a continuous profile 
of the lake floor along the traverse lines. Because of 
the sharp attenuation of the high frequency energy in 
bottom sediments, sonic penetration is limited to the 
upper few feet of unconsolidated material, mainly slur
ries of fine clays, and the records do not reveal sub
bottom layering or structure. 

A vertical profile of the northwestern arm of Hebgen 
Lake along the deepest part of the Madison River chan
nel shows a uniform gradient of 6 feet per mile between 

traverses 27 and 12 (fig. 97.1) and a slight decrease in 
gradient between traverses 12 and 8. Between traverse 
8 and the dam, the channel has been partly covered with 
landslide debris and control points cannot be deter
mined readily; however, the depth of the channel at the 
dam, according to construction data, is now 4 feet less 
than at traverse 8 (fig. 97.1). The present gradient 
determined by the channel depth at the dam, and at 
traverses 4 and 8 is about 2 feet per mile. upstream. 
This reversal in gradient suggests warping of the la.ke 
floor and a relative vertical movement of the dam with 
respect to the floor at traverse 8. If the original stream 
gradient between traverse 8 and the dam were 3 feet per 
mile, a vertical displacement of the dam of 10 feet would 
be required to place the dam in its present position. 
This agrees approximately with measurements of the 
lake basin deformation determined by W. B. Myers 
(written communication). 

Assuming a uniform channel gradient between trav-
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erse 8 and the dam (fig. 97.1), the depth of debris cov
ering the channel at traverse 2 is about 20 feet and at 
traverse() it is about 13 feet. The debris is undoubtedly 
part of the several hundred thousand cubic yards of 
material removed by landslides from the panks nJong 

the northeast shore of the lake (J. B. Hadley, written 
communication). 

Evidence of tilting was observed in othei· parts of 
the lake, but the soundings gave no indications of major 
faultin..2: of the lake bottom. 

98. CORRELATION OF ALPINE AND CONTINENTAL GLACIAL DEPOSITS OF GLACIER NATIONAL PARK AND 
ADJACENT HIGH PLAINS, MONTANA 

By GERALD M. RrcHMOND, Denver, Colo. 

Study of the east slope of Glacier National Park and 
the adjacent IIigh Plains of the Blackfeet Indian Res
ervation has revealed new information on the relation 
of alpine to continental glaciation in this region. In 
the mountains, an upland erosion surface lying between 
7,500 and 8,500 feet and about 1,000 feet below peaks 
along the Cont.inenta,l Divide, is believed to be of Plio
cene age. On the pla.ins, the highest erosion surface, 
which slopes northeast from an altitude of about 7,000 
feet at the mountain front, was probably cut in late 
Pliocene or early Pleistocene time. The oldest alpine 
glacial deposits, probably of early Pleistocene age, lie 
on this surface. Deposits of a. second early or middle 
Pleistocene glaciation lie on broad valley surfaces cut 
some 2.00 to 300 feet below the highest plains surface 
and, like that surface, drain northeast. 

Subsequent to the second glaciation, the St. Mary 
River cut headward along the east flank of the moun
tn,ins from the north, capturing the northeast-flowing 
dra.i nage in the northern pa.rt of the area. At the same 
time, Two Medicine Creek cut headward along the 
mountain front from the southeast to cn.pture most of the 
northeast-flowing dra.inage in the southern part of the 
area.. Extensive canyons, about 1,000 feet deep, were 
cut along these two new drainage systems, whereas only 
200 to 300 feet of erosion took place along the beheaded 
former northeast-flowing drainage on the plains. 

Subsequently, ice of a third alpine glaciation, of 
probable middle Pleistocene age, not only filled the 
canyons but overflowed into the old northeast-trending 
drainage. The main body of the ice, however, flowed 
north into Canada where its outw~ish is probably in
cluded in the Saskatchewan gravel of southern Alberta. 

The tills of these three ancient glaciations a.re all in
cluded in the ICennedy Drift of Horberg ( 1954) and 
their related out\vash deposits extend at least as far east 
as the Cypress frills. They have no continental coun
terparts in this region, but are correlated with. the N e-

braskan, ICansan, and Illinoian tills of the central in
terior. 

Deposits of two late Pleistocene alpine glaciations 
tire correlated with the Bull Lake and Pinedale glacia
tions of 'Vyoming. The older, or Bull Lake glaciation, 
consists o·f two distinct advances sepa.rated by a major 
recessiOn. Its two sets of moraines can be traced 
northeast from the mountain front for 18 miles to a 
point where the younger overlaps the older and merges 
with continental drift of the same age. The boundary 
of this continenta.l drift has been traced by the writer 
and R. '"'· Lemke, with A. :M:cS. Stalker of the Canad-

. ian Geological Survey, northeast through Canada, back 
into the United States near Cutbank, and by way of 
reentrants up Two Medicine Creek and Birch Creek as 
far west as longitude 112°30', through Choteau to 
Great Falls, Montana. The drift is correln.ted with the 
"Basal till" of Horberg ( 1952) and with the Iowan Till 
of Iowa, which has been dated as >29,000 to >37,000 
years (Ruhe and Scholtes, 19·59). It is then probably 
older than the Farmdale loess of Illinois, dated as 
between 22,900±900 years to 26,100±600 years (Frye 
and 'Villman, 1960). 

The younger, or Pinedale glaciatioi1, consists of three 
advances separated by minor recessions. These are cor
related with the advances of classical Wisconsin glacia
tion of Illinois. The till of the early advance merges 
with an equivalent continental till about 9 miles north
east of the mountain front. Farther out, it is either 
overlain by that till or lies on uplands above deposits of 
it on the valley floors. The outer limit of this continen
tal drift, called "Outer Continental drift" by Horberg 
( 1!)54) has been traced like the continental drift of Bull 
Lake age as far south as Choteau, Mont. Northwest of 
Cutbank it lies immediately back of that older drift 
border, but to the south is 10 to 15 miles from it. 

End moraines of the intermediate advance of Pine
dale glaciation lie at the mouths of canyons along the 
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mountain front, and are correlated with the continental 
drift of the "Lethbridge moraine" and the "Lower till" 
of Horberg ( 1952). End moraines of the last advance of 
Pinedale glaciation lie 3 to 7 miles upstream from those 
of the intermediate advance, and are tentatively corre
lated 'vith the Valders advance of the continental ice. 

Moraines of two small postaltithermal advances of 
the ice in the cirques are correlated with those of the 
Temple Lake and historic advances of the ice in the 
Wind River Mountains of Wyoming. 

REFERENCES 

E'rye, .J. C., and Willman, H. B., 1960, Classification of the Wis
consinian stage in the Lake Michigan glacial lobe: Illinois 
State Geol. Survey Circ. 285, 16 p. 

Horberg, Leland, 1952, Pleistocene drift sheets in the Lethbridge 
region, AJ.berta, Canada: Jour. Geology, v. 60, p. 303-330. 

--- 1954, Rocky Mountain and continental Pleistocene de
posits in the Waterton region, Alberta, Canada: Geol. Soc. 

,. America Bull., v. 65, p. 1093-1150. 
Rube, R. V., and Scholtes, W. H., 1959, Important elements in 

the classification of the 'Visconsin glacial stage: Jour. 
Geology, v. 67, p. 585-593. 

99.. THE LATE QUATERNARY AGE OF OBSIDIAN-RHYOLITE FLOWS IN THE WESTERN PART OF YELLOWSTONE 
NATIONAL PARK, WYOMING 

By GERALD M. RICHMOND and WARREN HAMILTON, Denver, Colo. 

While participating in a reconnaissance study of the 
Hebgen Lake earthquake, we found that some of the 

obsidian-rhyolite flows of the Madison Plateau are of 
late Quaternary age. Near the headwaters of the 
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South Fork of the Madison River one of these flows, 
nbout 500 feet thick, overlaps large ln,t~ral moraines of 
the late Qunternary Bull Lake glaciation (fig. 99.1). 
A layer of obsidinn sand 40 to 100 feet thick, derived 
from the lava flow, overlies glacial lake beds reta.ined 
by the moraines. The moraines, the obsidian sand, and 
a, loess capping the flow are all mantled with a simila.r 
maturely developed zonal soil. 

The outermost terminal moraine of the subsequent 
Pinedale glaciation overlaps the obsidian sand at the 
mouth of the Madison Cn.nyon east of West Yellow
stone, and the lateral moraines of the Pinedale glacia-

tion overlap the flow west of the Lower Geyser Bn.sin 
in Yellowstone Nationn.l Park. The deposits of the 
Pinedale glaciation bear a submature zonal soil, which 
commonly contains a ln.yer of volcanic ash and is quite 
distinct from the mn.ture zonal soil on deposits of the 
Bull Lake glaciation. 

The obsidian-rhyolite flow must therefore have been 
extruded between the Bull Lake and the Pinedale 
glaciations and before the period in which post
Bull Lake-pre-Pinedale soil formation reached a 
maximum . 

100. DISTRIBUTION OF CORALS IN THE MADISON GROUP AND CORRELATIVE STRATA IN MONTANA, WESTERN 
WYOMING, AND NORTHEASTERN UTAH 

By WILLIAM J. SANDo, Washington, D.C. 

Preliminary studies of corals collected from sections 
of the Madison group and correlative rocks of Missis
sippian age in the northern Cordilleran region (fig. 
100.1) suggest the following tentative zonation (figs. 
100.2, 100.3). 

Zone A comprises the lower 10 to 50 feet of the Lodge
pole limestone and equivalent beds in the Hannan lime
stone. It is characterized by a few species of small 
corals, including ''!If etriophyllwm" cf. "M." derminuti
'lJ'IJfl'fb Easton, Oyathamonia cf. 0. tantilla (Miller), and 
species of Permia ~' Zaphrentites, and "Amplewus." 

Zone B includes beds in the lower part of the Lodge
pole limestone, and equivalent beds in the Hannan lime
stone, that tu·e characterized by a few amplexoid corals 
and Oyath(JflJonia. 

Zone C includes the middle and upper parts of the 
Lodgepole limestone, the lower parts of the Mission 
Canyon, Brazer, and Charles formations, and equiva
lent strata in the middle and upper parts of the Hannan 
limestone. This zone contains a distinctive coral as
semblage characterized by species of H omalopyllites, 
V esiculophylltuon, and Zaphrentites. Its lower part, 
designated C1 , also conta-ins species of Rylstonia, Miche
linia, Oleistopo'ra, and Lithostroti<Jnella. In its up
per part, designated C2, Lithost1·otionella and Rystonia 
are rare a.n,d Michelinia and Oleistopora are absent. The 
boundary between cl and c2 cannot be precisely estab
lished on present information, but it is now placed 
a.rbitra.rily at the top of the Lodgepole limestone. The 
Ct index cornJs occur at various levels below this 
boundnry but not above it. More detailed work, par-
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FIGURE 100.1.-Index map showing location of sections studied. 

1. Type section of Brazer dolomite, Brazer Canyon, Rich County, 
Utah. 

2. Southeast of Haystack Peak along north tributary of Straw-
berry Creek, Lincoln County, Wyo. 

3. Darby Canyon, 'l'eton County, Wyo. 
4. Baldy Mountain, Madison County, 1\:lont. 
5. 'l'ype section of Madison group, north of Logan, Gallatin 

County, 1\font. 
6. Gibson Reservoir on Sun River, Teton County, 1\font. 
7. Type section of Lodge(>ole limestone, along Lodgepole Creek, 

Blaine County, 1\font. 
8. Shell OU Co. Pine Unit No. 1 well, Wibaux County, Mont. 
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FIGURE 100.2.-S.tratigraphic sections from northeastern Utah 
to northwestern Montana, showing distribution of coral zones 
in formations of the Madison group and their equivalents. 

ticularly on the distribution of species, may provide a 
more satisfactory basis for subdivision of Zone C. 

Zone D includes the upper parts of the Brazer, Mis
sion Canyon, and Charles formations, and equivalent 
strata in the upper part of the Hannm limestone. This 
zone is characterized by species of V esiculophyllum, 
Faberophyllwm, and fasciculate lithostrotionoids, 
chiefly belonging to Siphonodendron and Diphyphyl
lwm. A distinctive new horn coral genus also occurs in 
the upper part of the Brazer and upper part of the 
Hannan. 

Coral genera other than those mentioned occur in all 
the zones. Many of these are rare, and details of the 
taxonomy of some are yet to be worked out. Species 
of Syringopora a.re abundant throughout the sequence, 
but these are not considered important a.t present be
cause of the difficulty of recognizing stratigraphically 
useful species. 

Correlations cannot be made with equal confidence 
between all the sections studied, because several deposi
tional provinces appear to be represented. As corals 
are rather sensitive to environmental changes, different 
lithic fa,cies tend to contain different assemblages of 
corals. The scarcity of fossils in the Brazer may be 
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E'IGU1tE 100.3.-Stratigraphic sections from southwestern Mon
tana to northeastern Montana, showing distribution of coral 
zones in the Madison group. 

related to the predominance of dolomite in that unit. 
The lower part of the Brazer contains the critical ele
ments of the c2 fauna, whereas only one, or possibly 
two, of the corals of Zone D have been found in the 
upper part, most of which is unfossiliferous, and whose 
late Mission Canyon age is therefore not well estab
lished. The coral assemblages of sections 2, 3, 4, and 5 
are very similar, except that the ZoneD assemblage is 
poorly represented in sections 3 and 5. The five zones 
can all be identified in the Hannan limestone, but the 
positions of most of their boundaries are uncertain. The 
Hannan may be more similar in faunal content and 
lithic succession to the Mississippian sequence in the 
Canadian Rockies than it is to the sections south of it. 

In each of the western sections ( 1 through 6), the 
.thicknesses of all the zones are roughly proportional to 
the total thicknesses of the formations. Thickening 
and thinning thus appear to depend mainly on varying 
rates of deposition. Erosion at the top of the Mission 
Canyon limestone and its equivalents has not 'appreci
ably altered the general pattern of thickness variation 
in these sections. In central Montana (section 7), how
ever, beds included in ZoneD and part of Zone C have 
been removed by post-Mission Canyon erosion. • 
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In central tmd eastern Montana (sections 7 and 8), 
the Zone A a.ssem blage was not identified, and rocks 
containing the Zone B assemblage appear to thin east
wn,rd. This suggests that Zone A may not be present 
in these sections. Zone A and part of Zone B may be 
represented in the Little Chief Canyon member of the 
Lodgepole limestone of central Montana, and the Bak
ken formation of the ''TiJliston basin. Zones cl, Cz, 
and D are readily identified in cores drilled in the 
"Tilliston basin (section 8). Cores from the Charles 
formn.tion contn.in C2 and D assemblages, suggesting 
correlation with the upper part of the Mission Canyon 
as exposed n,t the surfn.ce. 

Coral faunas of the Madison group and its correla
tives do not provide a satisfactory basis for detailed 
correla.tion with the type Mississippian of the Mid-

Continent region, because their sensitivity to deposi
tiona.l conditions appears to have given rise to different 
assemblages and distribution patterns in rocks be
lieved to be nearly contemporaneous. Preliminary 
studies by J. T. Dutro, Jr., of brachiopods associated 
with the coral assemblages suggests the following ten
tative correlations with the type Mississippian: Zone 
A appears to be entirely of IGnderhook age. Beds 
equiva.lent to part of Kinderhook may be present in 
Zone B, and they possibly extend into C1. Osage 
equivalents are found in C1, C2, and D, but part of Zone 
D is probably of Meramec age. These correlations are 
confirmed, ·in general, by the distribution pa.tten1s of 
coral genera common to the Madison and the type Mis
sissippian sequences. 

101. MIDDLE TERTIARY UNCONFORMITY IN SOUTHWESTERN MONTANA 

By G. D. RoBINSON, Denver, Colo. 

Since the earliest paleontologic work by Douglass 
( 18H9 and severa.l later papers), geologists have sus
pected that there was a regional middle Tertiary uncon
formity .in the Cenozoic basins of southwestern 
~{ontana, (see fig. 101.1). In several basins, Douglass 
found many early Oligocene and many late Miocene 
vertebrates but few of intervening age, and this has 
been the experience of all later workers. The existence 
of an unconformity thus became increasingly certain, 
and the nature and duration of the unconformity are 
gradually being demonstrated by detailed mapping 
combined with intensive fossil collecting. In the south
ern part of the Townsend basin, the unconformity has 
been mapped as an erosional one separating lower 
Oligocene from upper Miocene or lower Pliocene strata. 
(For southeastern part, see H. D. IOemme, unpublished 
Ph. D. thesis, Princeton University, 1949; and for 
southwestern part, see Freeman, Ruppel, and IOepper, 
1958.) 

Hecent detailed mapping of the Toston 15-minute 
quadrangle (see fig. 101.1) has shown that in the south
eastern part of the Townsend basin middle as 'veil as 
lower 01 igocene rocks are preserved beneath the uncon
formity; inconclusive structural evidence suggests that 
during the hiatus these rocks were probably folded and 
faulted as well as deeply eroded. The unconformity 
has eeen traced south ward throughout the Clarkston 

•• 

FIGURE 101.1.-Index map of southwestern Montana. Cenozoic 
basins stippled. Townsend, Clarkston, and ':Phree Forks basins 
diagonally rnled. Toston quadrangle heavily outlined. 

basin, where the youngest rocks beneath it are lower 
Oligocene; in this basin also, the existence of an angular 
unconformity is probable but not certa.iii. Heconnais
sance observations make it seem likely that the hiatus 
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can be mapped northward at least throughout the 
Townsend basin and southward throughout the Three 
Forks basin; these basins contain an area of more than 
1,500 square miles of Tertiary rocks. The present 
flood plain of the Missouri River and that of its main 
headwater tributary, the Madison, are remarkably close 
to the trace of the unconformity. In the three basins 
studied, most of the Tertiary· rocks exposed west of 
these rivers are Oligocene or older; most of those east of 
the rivers are Miocene or younger. 

These basins were being eroded by through-flowing 
streams during most of late Oligocene to middle Mio
cene time. In some places, however, a little alluvium 
was deposited and is still partly preserved. 

The Tertiary rocks above and below the unconform
ity have much in common-they are rich in contempo
raneous volcanic ash, and are of complex origin, having 
been deposited in streams, lakes, and bolsons-yet they 
show persistent differences, apparent in the field, that 
make it possible t'o distinguish the older assemblage 
from the younger. The most useful of these involves 
waterlaid glass shards. In the older rocks most of them 
are so much devitrified as to appear cloudy and dull in 
hand specimens; in the younger rocks almost all are 
notably clear and bright. But this criterion applies 
only to rocks deposited in water, for unaltered glass is 
abundant in much of the Tertiary tuff deposited on dry 
land irrespective of age. Tuffaceous rocks that con
tain intimately mixed rounded grains of terrigenous 
sand must have been deposited in water, and in practice 
the test is used only on visibly polygenetic sandstone, 
thin beds of which are common both in the rocks above 
the hiatus and in those below. 

Why the shards in the older and younger waterlaid 
beds are so differently altered is unknown. The older 
glass is not more altered simply because it is older or 
because it was deeply weathered during the erosion 
interval, for if either age or weathering were decisive 
the glass of the older tuffs deposited on dry land would 
be as much altered as that in water laid tuffs. Dude
ciphered differences in depositional or diagenetic 
environment are probably responsible. 

Certain differences between pre- and post-hiatus 
conglomerates are also helpful. Conglomerate is a 
minor component of the Oligocene section, even near 
basin edges. The few .beds are usually thin, the stones 
are rarely larger than small cobbles, and consolidation 
is generally only poor to fair. In the Miocene and 

Pliocene formations, on the other hand, conglomerate 
is a major constituent. ·Here, moreover, the beds are 
very thick, cobble and boulder sizes are abundant, and 
the conglomerates are firmly cemented with calcite and 
clay. These differences reflect rather low relief and 
equable climate in early Oligocene time, as opposed to 
high relief and semiarid climate in late Miocene and 
early Pliocene time. 

It must be emphasized, however, that the conglom
erates are helpful only in distinguishing Oligocene 
from younger strata. Eocene vocks in the Three Forks 
basin (Robinson and others, 1957) and Eocene and 
Paleocene rocks in other basins of southwestern Mon
tana (Peale, 1896; Lowell and Klepper, 1953) also 
include much coarse conglomerate, in thick beds, with 
calcite cement. 

The validity of .the contacts mapped with the aid of 
these crude lithologic guides is confirmed by paleon
tologic evidence. Nearly every sizable body of rocks 
in southeastern Townsend Valley and in Clarkston Val
ley that was assigned to the early Tertiary on lithologic 
grounds has yielded diagnostic middle Oligocene or 
older vertebrate fossils; and almost every large mass 
mapped as late Tertiary has yielded diagnostic Miocene 
or younger fossils. (I am indebted to Ed ward Lewis 
for identifying the collections, some of which were 
made by others, notably H. Morton Sperry of 
Townsend.) 

It remains for future study to delimit the areas within 
which the unconformity can be confidently mapped on 
lithologic grounds, even where diagnostic fossils may 
be lacking. 
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102. CONFIGURATION OF THE lON PLUTON, THREE FORKS, MONTANA 

By IsiDORE ZIETZ, Washington, D.C. 

In the summer of I959, the U.S. Geological Survey 
made a detailed aeromagnetic survey in the Three Forks 
area, Montana, to determine the approximate shape of 
the ION pluton (named for U.S. Highway ION, which 
crosses it) and its relation to the Lombard thrust, which 
crops out rubout a mile to the east. 

The pluton has been described by G. D. Robinson of 
the U.S. Geological Survey in a report now in prepara
tion, as an igneous mass made up o£ a wide variety of 
rock types but consisting chiefly of light-colored pink
ish quartz monzonite. It intrudes Paleozoic and 
younger sedimentary rocks and has a surface extent of 
more than three n1iles east-west and more than a mile 
north-south (fig. I02.I). 

46° 

..... 
Estimated lower contact 

of pluton 

0 1 MILE 

CONTOUR INTERVAL 100 GAMMAS 
FLOWN BOO FEET ABOVE GROUND 

FJOUJm 102.1.-A-eromagnetic map of Three Forks area, Montana. 

The aeromagnetic survey, which was made at Robin
son's request, was flown north-south at an elevation of 
approximately 800 feet above the ground and with a 
flight separation of a quarter of a mile. The upper 
surfn,ce of the pluton is well defined by the magnetic 
contours, a.nd is interpreted to have the boundary indi
cated by the dasheq line in figure I02.1. The contours 
also suggest the presence of two spurs at the north edge 

of the pluton. To the north, west, and southw;est of the 
pluton, the gradients aJ•e sharp and the amplitude large, 
indicating that the pluton extends downwa.rd for sev
eral thousand feet. To the southeast, the gradient is 
flatter and the amplitude smaller, indicating that the 
pluton is buried beneath a sedimentary cover and thins 
to the southeast. In other parts o£ the area, especially 
to the north, the aeromagnetic data imply local thin
ning, as is indicated on the map. 
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To determine the approximate shape of the pluton, 
and especially its vertical extent, a magnetic profile, 
A -B, at right angles to the main magnetic trend, was 
analyzed (figs. 102.1 and 102.2). The magnetic anoma
lies of two possible geologic cross sections were then 
computed (fig. 102.2) and compared with the observed 
pi·ofile A-B. On both cross sections the upper surface 
dips to the southeast at an angle of 30°, corresponding 
to the dip of the overlying sedimentary rocks. In the 
upper figure the pluton is assumed to have a bottom 
3,800 feet below the surface, and in the lower figure it 
is assumed to extend indefinitely downward. At the 
northwest edge there is good agreement for both config
urations. At the southeast, however, the fit for the 

bottomed pluton is much better than for the other. The 
magnetic susceptibilities calculated for both masses, 
J( = 0.003 cgs and K = 0.002 cgs, are reasonable for 
quartz monzonite. 

Because of the ambiguity inherent in magnetic cal
culations, there ~l.re a large number of masses with dif
ferent shapes that could produce reasonable fits to the 
observed magnetic profile, and for this reason the avail
able evidence for the configuration of the pluton is not 
conclusive. The calculations strongly suggest, how
ever, that the pluton is bottomed at a depth of several 
thousand feet. This would imply that the thrusting 
may be younger than the intrusive and that the 10N 
pluton may be cut off by the Lombard thrust. 

103. METAMORPHISM AND THRUST FAULTING IN THE RIGGINS QUADRANGLE, IDAHO 

By WARREN HAMILTON, Denve·r, Colo. 

In the Riggins quadrangle, Idaho, mebunorphosed 
volcanic rocks of the andesite-keratophyre kindred,· 
and associated metasedimentary rocks dominantly of 
volcanic origin, increase in metamorphic grade east
ward toward a broad complex of intrusive and meta
morphic gneisses marginal to the Idaho batholith of 
Cretaceous age. The rocks to be considered here 
(which have not yet been given a geologic name) pass 
eastward from, for example, greenstone through green 
phyllite, greenschist, and hornblende schist to amphi
bolite. Isograds have been drawn through the western
most points at which each of the following minerals 
appears: aluminian prochlorite, biotite, clinozoisite, 
garnet, . oligoclase, andesine, and, in calc-silicate rocks 
only, clinopyroxene (fig. 103.1). Black hornblende ap
pears first near the garnet isograd. Neither staurolite, 
kyanite, nor sillimanite is anywhere present. 

Although the upper grade limit of ferroan prochlor-
. ite is at about the· garnet isograd, that of aluminian 
prochlorite is near the andesine isograd. Alum.inian 
prochlorite, muscovite, garnet, and oligoclase occur in 
apparently equilibrium assemblages in some specimens. 

In the western part of the quadrangle, a postmeta
morphic, west-directed overthrust fault trending north
northeast has pushed the rocks here considered over 
the low-grade rocks of the Seven. Devils volcanics and 

associated formations (Permian and Triassic) on the 
west. Within the quadrangle, all the isograds in the 
upper plate from aluminian prochlorite to andesine are 
truncated by the fault and brought against rocks of the 
ferroan-prochlorite zone in the lower plate (fig. 103.1). 
In the northern part of the quadrangle, the fault is 
hidden by Miocene basalt. Where it emerges from the 
basalt cover the fault is folded, and a few miles .farther 
north the upper plate is cut off by a sheet of intrusive 
quartz diorite gneiss. 

Above this overthrust is another, subparallel to it 
but converging with it soutlnvard; the average distance 
between the two is about a mile (fig. 103.1). Amphi
bolite and trondhjemite were shoved westward over 
middle-grade schists on this upper fault, which is 
marked by a thick zone of phyllonites and flaser 
gneisses. The total displacement on the two thrust 
faults is about 10 miles. Toward the north the upper 
fault dies out and a greater proportion of the total dis
placement is taken up by the lower one. 

Thrusting east of the Idaho batholith is mostly di
rected eastward. If the west-directed thrust faulting 
west of the batholith is of regional extent, tectonic sym
metry on a grand scale exists that may be genetically 
related to the batholith. 
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104. DIVERSE INTERFINGERING CARBONIFEROUS STRATA IN THE MACKAY QUADRANGLE, IDAHO 

By CLYDE P. Ross, Denver, Colo. 

Throughout the limited area in central Idaho, north 
of the Snake River Plain, in which Paleozoic sedi
mentary rocks occur, those rocks vary in composition 
and stratigraphic relations within short distances. 
This is particularly true of the post-Devonian part of 
the sequence. Exposures of late Paleozoic strata in the 
Mackay quadrangle furnish essential clues to the rea
sons for the stratigraphic variation in the surrounding 
regwn. 

The region contains the Milligen formation (Missis
sippian and Devonian~), the Brazer limestone 
(mainly Mississippian), and the Wood River forma.
tion (Pennsylvanian and Permian). The Milligen for
mation in its type locality (Umpleby and others, 1930, 
p. 25-29), which is west of the Mackay quadrangle, is 
very heterogeneous, but its distinguishing feature is 
the presence of abundant black, carbonaceous argillite. 
The formation contains some graphitic coal. The Mil
ligen formation may be over 7,000 feet thick (Kiils
gaard, 1950) . In this locality the formation was 
deposited close to the western shore of the Paleozoic 
sea, perhaps mainly in estuaries and other relatively 
stagnant bodies of water. It contains hardly any diag
nostic fossils, but its relations to other formations indi
cate that the formation may represent all of Missis
sippian' time and m-ay possibly range downward into 
the Devonian. Rocks assigned to the Milligen, largely 
because of their carbon content, have been mapped over 
a wide region in the southeastern part of central Idaho. 
In the mountain range east and northeast of the princi
pal exposures of the Carboniferous rocks of the Mackay 
quadrangle the Milligen formation attains a maximum 
thickness of at least 1,000 feet and is clearly of Early 
Mississippian age, for it is underlain by fossiliferous 
rocks of very late Devonian age and overlain by fossil
iferous limestone of Late Mississippian age that be
longs to the Brazer limestone as that term is applied 
locally. 

The Wood River formation where exposed west of 
the Mackay quadrangle (Umpleby, Westgate, and Ross, 
1930, p. 24-34) is lithologically diverse, but is character
ized by abundant &'tndy beds and, especially near the 
base, by abundant conglomerate, part of it coarse and 
in thick layers. The formation must have been de
posited close to the shore; the conglomerate in it may 
be at least in part of fluviatile origin. The Wood River 
formation has been regarded as of Pennsylvanian age 

(U1npleby, Westgate, and Ross, 1930, p. 32-34), but 
microfossils (Bostwick, 1955), discovered since the for
mation was defined, have shown that large thicknesses 
of beds assigned to it by Bostwick are of Permian age. 
These beds have nowhere been separately ma.pped. The 
'Vood River formation west of the Mac~a.y quadrangle 
is probably at least 8,000 feet thick, and may be much 
thicker if the beds containing Permian fossils are in
cluded in it. Beds definitely assignable to the Wood 
R.iver formation are not known to occur east of the 
_western part of the Mackay quadrangle, but the name 
has been used tentatively as far east as the Montana 
boundary (Scholten, 1957 a, p. 165; Scholten, 1957b) ·. 

Rocks commonly called Brazer limestone are wide
spread from an interrupted zone trending nearly north 
through the middle of the Mackay quadrangle well to 
the north and eastward into Montana, and of large but 
variable thickness. In the Mackay quadrangle itself 
their thickness exceeds 8,000 feet. They consist mainly 
of limestone but include some quartzite and conglom
erate of Mississippian age. As originally used in cen
tral Idaho (Ross, 1934, fig. 2, p. 977-985) the Brazer 
limestone is of Late Mississippian age, but in localities 
far to the northeast of the Mackay quadrangle, limestone 
that has not yet been mapped separately from the Brazer 
limestone has yielded fossils of Pennsylvanian and 
Permian age. In that part of Idaho the Brazer lime
stone together with these younger, associated beds may 
have an aggregate thickness of more than 10,000 feet. 
In the Mackay quadrangle, rocks that were mapped in 
the field as Brazer limestone are now known mi paleon
tologic evidence to be largely of late Early to Late Mis
sissippian age, and in several outcrops they even include 
rocks of Pennsylvanian age (Dutro, J. T., Jr., oral cQm

munication, 1959; Douglass, R. C., and Y ochelson, E. L., 
1958, written communication), but the Pennsylvanian 
limestone cannot be distinguished in mapping from the 
limestone of Mississippian age without far more refined 
work than it has been practicable to do in making the 
present map of that quadrangle. In the northern pa.rt 
of the Mackay quadrangle the Pennsylvanian limestone 
is intercalated with clastic beds of nearshore origin 
(Skipp, 1958) . 

The Mackay quadrangle contains a stn1.tigraphic 
unit, not previously recognized anywhere else in Idaho, 
that includes lithologic equivalents of nearly all the 
components of the three formations briefly described 

• 
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n.bove, but these rocks are so inter.mingled that they can
not be mapped separately. They include much quart
zite, siltstone, argillite, and conglomerate, but in most 
plnces little or no limestone. This unit, at least 5,000 
feet thick where mapped, constitutes a formation that 
interfingers with the local representatives of the Milli
gen a.nd '~rood River formations and the Brazer lime
stone. Relations to these three formations demonstrate 
thn.t this unit ranges in age from Early Mississippian 
well into the Pennsylvanian. No fossils of Pennian 
age n.re known in the Mackay quadrangle, and struc
tural relations make it improbable that any beds of that 
age are exposed there. It is reasonable to surmise, how
ever, that somewhere, presumably south or south·west 
of the Mackay quadrangle, the newly recognized unit 
includes beds of Permian age. 

This unit is known only in the western part of a geo
synclinal lobe that extends into central Idaho from the 
south. It constitutes a. mingling of beds of diverse but 
largely clastic character that were laid down near shore 
in late Paleozoic time. Farther east, in the middle part 
of that ]ohe, cn,rbona.te rocks predominate. Northeast 
of the boundary between Idaho and Montana beds of 
late Paleozoic age were deposited on a broad shelf. In 
thn.t region the stratigraphy is drastically different from 

that outlined here. The lobe in central Idaho is the 
northern part of the large geosynclinal mass that is 
widespread in southeastern Idaho and regions farther 
south. 
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105. PROGRESSIVE GROWTH OF ANTICLINES DURING LATE CRETACEOUS AND PALEOCENE TIME IN CENTRAL 
WYOMING 

By WILLIAM R. KEEFER, Lar:amie, Wyo. 

The progressive growth of some anticlines ·during 
Ln,te Cretaceous n,nd ea.rly Tertiary time can be demon
strated in the Wind River Basin, central Wyoming. 
This informn.tion helps in locn.l and regional correlation 
of stratigra.phic units and in the interpretation of geo
physical data and well records. The stratigraphic and 
structural relations ha.ve especial importance in the 
'Vind River Basin, because the rocks involved contain 
oil and gas in some parts of the basin, and an under
standing of the history of folding and sedimentation 
may len.d t~ the discovery of tra,ps in other parts. 

The geology of two areas, Shotgun Butte and Alkali 
Butte, illustrate progressive growth of anticlines. 
Basic da.ta were obtained by measuring sections in de
tail and mapping individual beds or groups of beds in 
the field. A multiplex stereo-plotter was used to com
plete the ma,pping, and compilation was made on topo-

~577>53 0-60-16 

graphic base .maps. Ages of the rocks were determined 
by fossil vertebrates, leaves, and pollen. 

SHOTGUN BUTTE 

Figure 105.1 shows changes in thickness of the 
Meeteetse, Lance, and Fort Union formations in out
crops extending southward from the vicinity of Shot
gun Butte (Troyer and Keefer, 1955; l(eefer and 
Troyer, 1956). The line of section crosses a series of 
southeast-plunging HJ1ticlines and synclines, the Shot
gun Butte syncline, an extension of one of the major 
structural troughs of the vVind River Basin, being at 
its north end and the Little Dome anticline at its south 
end (inset, fig. 105.1). 

The relations shown in figure 105.1 indicate that sev
era.l folds began to form during deposition of the 
Meeteetse formation, and that moderate deformation 
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~...,IGURE 105.1.-Strat.igraphic relations of uppermost Cretaceous •and Paleocene rocks in vicinity of Shotgun Butte and Little 
Dome anticline. Inset map shows location of Alkali Butte and Shotgun Butte with reference to Wind River basin. 

was genera.lly continuous through latest Cretaceous and 
Paleocene time. During this time sediments ac
cu~ulated in thick conformable sequences in certain 
rough areas, whereas the sediments on the crest and 
along the north flank of Little Dome anticline are much 
thinner and are broken by unconformities. As a re
sult of continuous downwarping, the trough areas in 
this region contain some of the thickest and most com
plete sections of Upper Cretaceous and Paleocene rocks 
exposed in central Wyoming. Paleontologic studies of 
numerous plant and vertebrate fossils also indicate that 
sedimentation in these troughs was continuous. 

At some places the upwarps and downwarps which 
began to form in Late Cretaceous time continued to 
develop along the sa.me structural trends throughout 
the later and major phases of the Laramide orogeny, in 
latest Paleocene and early Eocene times. The present 
sites of the Little /Dome anticline and the Shotgun 
Butte syncline, for example, coincide closely with the 

features ancestral to them. The Merriam anticline a .. nd 
the Shotgun Bench syncline, on the other hand, were 
probably the sites of a trough and an upfold, respec
tively, during Late Cretaceous and Paleocene time. 
Murphy and others ( 1956) and Troyer and l{eefer 
( 1955), basing their conclusions largely on structural 
data, -have pointed out that neither the Merriam anti
.cline nor the Shotgun Bench syncline was formed until 
late early Eocene time, and that they trend east-west 
whereas the older folds trend northwest (inset, fig. 
105.1). The stratigraphic relations tend to confirm 
these views as to the time of folding of the older struc
tural features. Thinning of Upper Cretaceous and 
Paleocene sediments toward the present site of the Shot
gun Bench syncline was probably caused by the initial 
folding of the Maverick Spring anticline, which lies 
directly northwest of the Little Dome anticline in the 
southwestern part ofT. 6 N., nnd the northwestern part 
of T. 5 N., R. 1 1V. (fig. 105.1). The thickening of 
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strata toward the present site of the Merriam anticline 
may be a reflection of the ancestral syncline between 
Maverick Spring and Little Dome anticlines. 

ALKALI BUTTE 

The Alkali Butte anticline (fig. 105.2) is an elongate 
north-plunging fold in Late Cretaceous and early Ter
tiary rocks. As shown by the areal distribution of the 
geologic units on figure 105.2, unconformities are pres
ent on the flanks of the anticline at the base of the Lance 
formation, at the base of arkosic conglomerate beds be
lieved to form the upper part of the Fort Union forma
tion, and at the base of the 'Vind River formation. 
The same unconformable relationships exist along the 
axis of the anticline, but are less apparent than on the 
fta.nks (compare sections A -A' and B-B', figure 105.2). 

These unconformities were produced by intermittent 
arching of the anticline during late Cretaceous and 
Paleocene time. Of particular significance is the con
spicuous overlap of the upper beds in the Fort Union 
formation. These rocks form the upper few feet of 
Alkali Butte, where they rest with a.n angular discord
ance of about 20° on strata in the lower part of the 
~{esa.verde formation (fig. 105.2). The 'Vind River 
formation has been tilted about 5° along both flanks of 
the fold, indicating that the final minor movements 
occurred later than early Eocene time. 

The main outcrop belt of Upper Cretaceous and 
Paleocene rocks along the southern margin of the 'Vind 
River Basin extends nearly eastward from Alkali Butte 
for about 25 miles (Love and others, 1955). In this 
belt the surfaces of unconformity maintain relatively 
constant stratigraphic positions, indicating a regional 
northward tilting of the south margin of the basin, pre
sumably caused by orogenic pulsations in the Granite 

. ~fountains to the south. The only appreciable devia
tions in this pattern of unconformity occur on such fea
tures as the Alka.li Butte anticline, in outcrops that ex
tend farther north or south than the ma.in belt of ex
posures. These facts imply that the degree of dis
cOI·dance between any two formations in the Upper 
Cretaceous and Paleocene sequence decreases progres
sively toward the center of the 'Vind River Basin, in 
much the same manner as may now be observed from 
south to north along the crest of Alkali Butte anti
cline. 
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106. THE "BREAK-AWAY" POINT OF THE HEART MOUNTAIN DETACHMENT FAULT IN NORTHWESTERN 
WYOMING 

By WILLIAM G. PIERCE, Menlo Park, Calif. 

The Heart Mountain detachment fault, or "over
thrust" as it was originally called, extends southeast-

ward from the northeast corner of Yellowstone Parle 
I had previously described this fault as the result of 
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faulting of three types: (a) a bedding fault, (b) tra~ls
gressive faulting (called shear faulting in a previous 
paper) where the fault passes upward from a bedding
plane fn.ult across younger beds until it reaches the sur
; face, and (c) a fault in which the displaced blocks 
move over the land surface (Pierce, 1957, p. 597). To 
these there can now be added a fourth type of fault, 
which occurred at the place where the detached mass 
broke a way from unfaulted beds (see fig. 106.1B). 
This will be referred to by the simple descriptive term 
of "break-away f~ult". Although these four types of 
faults are only phases of one large detachment fault, it 
is important to distinguish them because their strongly 
contrasting field characteristics 1nay erroneously sug
gest unrelated faults. 

The "break-away" of the Heart Mountain fault was 
observed at the northeastern corner of Yellowstone 
Park, only a few hundred feet west of the Park bound
ary, this being possibly the first time that such a. fea
ture has been recognized. The stratigraphic and struc
tural relntions at this place are shown in figure 106.2. 
The rocks at the left side of the figure are unfaulted 
nnd are in the normal sequence of Paleozoic rocks in 
this area. Beginning at the break-away fault, the 
rocks from the Bighorn dolomite up to and including 
the early acid volcanics have moved to the right, or 

eastward, along the Heart Mountain detachment plane, 
which is at the base of the massive Bighorn dolomite. 
A large open space was created immediately to the east 
of the.break-away fault, and the top of the Grove Creek 
limestone became exposed on what could be called a 
surface of tectonic denudation. Some smaller blocks 
toppled off the larger ones as they moved laterally, and 
came to rest on the bedding-fault surface. 

The break-away fault is nearly vertical and trends 
almost due north. Reconnaissance mapping indicates 
that it has an observable length of 6 miles; it is con
cealed beneath volcanic rocks on the south, and its trace 
has been removed by erosion to the north. Some indi
cation of brecciation along the break-away fault sug
gests the possibility that there may have been some 
slight lateral .movement paral·lel to this fault before the 
main lateral movement to the east took place. The 
fault blocks were immediately engulfed by the great 
mass of early basic breccia, and a record· of the sequence 
in which the events took place was thus preserved intact 
until exposed by Recent erosion. 

REFERENCE 

Pierce, W. G., 1957, Heart Mountain and South Fork detach
ment thrusts of Wyoming: Am. Assoc. Petroleum Geologists 
Bull., v. 41, no. 4, p. 591-626. 



B238 GEOLOGICAL SURVEY RESEARCH 1960-SHORT PAPERS IN THE GEO.LOGICAL SCIENCES 

107. REGIONAL GEOLOGICAL INTERPRETATION OF AEROMAGNETIC AND GRAVITY DATA FOR THE ROWE-
MORA AREA, NEW MEXICO 

By GoRDON E. ANDREASEN, MARTIN F. 1\:ANE, and IsiDORE ZIETZ, Washington, D.C. 

The Rowe-Mora a.rea of northeastern New Mexico is 
characterized by high plateaus in the north, lower plains 
in the south, and by the lower ranges of the eastern 
Sangre de Cristo Mountains on the west. The plateaus 
and plains consist of flat-lying Triassic and Cretaceous 
strata with numerous volcanic features surmounting 
the northern Plateaus (Harley, 1940). Pennsylvanian 
clastic sedimentary rocks and an w1divided complex of 
Precambrian gneisses, schists, and intrusive rocks crop 
out in the core of the Sangre de Cristo Mountains. Deep 
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1J"'rGURE 107.1.-Contour map of the Precambrian surface, Rowe
Mora area, New Mexico. 

drill holes in the plains-plateau area east of the foot
hiHs penetrate essentially fla.t-lying Mesozoic and Pale
ozoic sedimentary rocks up to several thousand feet 

·thick, and bottom in Precambrian crystalline rocks sim
ilar to those exposed in the mountains to the west. 
Igneous rocks intrude the Paleozoic and Mesozoic strata 
in western Mora County, in an area south of Raton, and 
possibly in. central Mora County. 

A contour map of the Precambrian surface (fig. 
107.1) was prepared using 40 depths computed from 
aeromagnetic anomalies, 45 depths from drill holes, and 
exposures of Precambrian rocks along the east edge of 
the Sangre de Cristo Mountains. Only a few depths 
were computed in the northern part of the area. be
cause the magnetic anomalies caused by the Precam
brian rocks are partly obscured by the magnetic expres
sion due to the widespread instrusive and extrusive 
rocks of younger age. In the southern part of the area, 
where good depth control is a.vaila.ble, a close correla
tion was fow1d between gravity anomalies and basement 
relief. The regional gravity data, therefore, provide 
a basis for contouring the Precambrian surface in areas 
of meager depth control, especially in the north, where 
the younger igneous rocks are present. 

The major feature of the contour map is the Sierra 
Grande arch, a basement highland trending northeast 
across the area. The highland stands 3,000 to 7,000 
feet above the nearby basins and is separated ii1to two 
parts by a saddle northeast of vVagon Mound. Major 
depressions are outlined west of Vegas Junction, north
east of Santa Rosa, and west of Wagon l\found. The 
largest of these, Las Vegas basin, is more tluin 7,000 feet 
in depth and more than 1,000 square miles in area. Its 
thick section of sedimentary rocks marks it as a favor
able prospect for petroleum exploration. The gravity 
data indicate that the east edge of the basin may be 
formed by a fault in the Precambrian basement. A 
gravity low trending northward from the vicinity of 
Las Vegas to Cimarron indicates that Las Vegas basin 
extends to Cimarron and probably connects with the 
Raton basin of northeastern New Mexico and south
eastern Colorado (Johnson and vVood, i956) through 
a low saddle. In the southern part of the Rowe-Mora 
area, steep basement surfaces suggest the presence of 
faults near Newkirk and Vegas Junction. 
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108. SOUTHWESTERN EDGE OF LATE PALEOZOIC LANDMASS IN NEW MEXICO 

By GEORGE 0. BACHMAN, Denver, Colo. 

At many localities in central New l\1exico, Permian 
strata lie directly on Precambrian rocks. The surface 
on the Precambrian rocks is highly irregular, being 
locally diversified with hills, ridges, and even moun
tains. Thompsqn ( 1942) said that "these pre-Cam
brian rocks probably represent the buried remnants of 
a large ]n.nd a.ren. of the Ancestral Rocky Mountains," 
and he named this positive· element the Pedernal land
mass. It :is difficult, if not impossible, to determine 
the exact extent of the Pedernal landmass; in many 
parts of New l\1exico evidence on this point can be 
obtained only from widely spaced outcrops and drill 
holes. It has been shown, however, that during parts 
of Pennsylvanian and Permian time this landmass 
extended north-south at least 150 miles in central New· 
Mexico. 

The remarkable influence of the Pedernal la.ndmass 
on Pennsylvanian and Per1nian sedimentation has been 
discussed by other workers (Read and 'Vood, 1947; 
Gl ine, 1959; Otte, 1959). 

.During reconnaissance geologic mapping in 1954, 
R. L. Sutton and I discovered exposures in northern 
Otet:o County, N. Mex., where the Abo formatimi of 
Permian age lies on rocks of Precambrian age (Bach
man, 1954; Dane and Bachman, 1958). These expo
sures are near Bent, which is about 12 miles northeast 
of Tularosa, in sees. 25 and 26, T. 13 S., R. 11 E., and sec. 
30, 1'. 13 S., R. 12 E. 'rhe outcrops a.re on the east flank 
of n. small dome, here called Bent dome. I have since 
rna.pped these exposures in more detail (fig. 108.1). 
They a.re the southernmost exposures in New Mexico, so 
far as I know, in which this relatio!1 may be observed 
at the surface, and they are of particular interest be
cause in the Sacramento Mom1tains, about ~0 miles to 
the south of Bent dome, pre-Permian Paleozoic rocks 
n.ttn.in a thickness of about 5,500 feet (Pray, 1959, p. 
88). 

The Precambrian rocks on Bent dome consist chiefly 
of light-gra.y quartzite. At one small exposure (sec. 25, 
T. 13 S., R. 11 E.) the quartzite appears to be intruded 
by coarsely crystalline gra.nite, which closely resembles 
that forming cobbles and pebbles in the Abo formation 
on Bent dome and in areas to the west. The Abo forma
tion contains cobbles and pebbles of quartzite that re
sembles Precambrian quartzite in texture but not in 
color, being generally dark gray, maroon, or purple 
.whereas· the quartzite of the Precambrian exposures is 
light gray. 

Diorite exposed on the west side of Bent dome (sec. 
26, T. 13 S., R. 11 E.) may also be of Precambrian age 
(Foster, 1959, p. 143), but its age is uncertain. This 
diorite is very simila.r to Tertiary diorite found else
where in the region; and, moreover, it is not intrica.tely 

·jointed as are the rocks known to be Precambrian, and 
no pebbles of diorite like that on Bent dome have been 
identified in the Abo forma.tion. 

On the west side of Bent dome, and also in the vicinity 
of the Virginia Mine and at a locality on U.S. Highway 
70 one mile east of Bent, there are exposures of light
gra.y, medium-grained, well-sorted sandstone beds 
thought to be of Pennsy Ivan ian age. The Abo formation 
overlies these beds unconformably. The supposedly 
Pennsylvanian beds are estimated to be a.bout 200 feet 
thick near the Virginia Mine, but they are absent on the 
east side of the dome and are presumed to wedge out 
eastward from the mine. The high degree of sorting 
indicates that these beds ma.y have been deposited before 
major uplift.of the Pedernallandmass. 

The Abo formation on Bent dome consists of poorly 
consolidated dark-red shale, arkose, and conglomerate. 
Cobbles of gra.nite and quartzite as much as 10 inches 
in dia.meter have' been observed at the base of the forma.
tion, and also some pebbl~s of a distinctive brownish-red 
rhyolite porphyry. The· formation is 220 feet thick on 
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FIGURE 108.1.-Geologic map of Bent dome, Otero County, N. Mex. 

the southeastern part of the dome (fig. 108.2). On the 
eastern flank of the dome the Abo is apparently thinner 
and it may be no more than 100 feet thick where it 
overlies the highest points on the surface of Precam
brian rocks (NW1,4SW14, sec. 30, T. 13 S., R. 12 E.). 
About 6 miles west of Bent dome the Abo formation is 
about 1,400 feet thick (Pray, 1959, p. 118) and rests on 
rocks of Late Pennsylvanian and early Permian age. 

The unconformity a.t the base of the Abo sandstone 
and the onlap of the Abo on pre-Permian rocks of vari
ous ages in the Sacramento Mountains have long been 
known (Pray, 1949, p. 1914-1915). Early Permian 

folding and faulting are indicated throughout the 
length of the Sacramento Mountains and are directly 
related to uplift of the Pedernal landmass. The ex
posures at Bent dome provide a point of geographic 
control for the southwestern part of the landmass and 
probably represent a part of the early Permian tectonic 
system of the Sacramento Mountains. 
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109. NEW INFORMATION ON THE AREAL EXTENT OF SOME UPPER CRETACEOUS UNITS IN NORTHWESTERN 
NEW MEXICO 

By CARLE H. DANE, Washington, D.C. 

Stratigraphic studies of Upper Cretaceous rocks in 
parts of northwestern New Mexico, made in connection 
with the compilation of a new geologic map of New 
Mexico by Carle H. Dane and George 0. Bachman, have 
recently been supplemented by paleontologic studies by 
"V. A. Cobban. Although incomplete, these combined 
studies give a new picture of the distribution of sev
eral of the rock units of Late Cretaceous age (fig: 109.1). 

The Tres Her1nanos sandstone member of the Mancos 
shale of early Greenhorn age (fig. 109.1, A), including 
the sandstones probably equivalent to it, is believed to 
have a much greater extent than previously recognized. 
This interpretation is based in part on indications that 
equivalents of the somewhat older Da.kota sandstone are 
missing in southwestern New Mexico. The Dakota is 

locally absent south and southwest of Santa Fe 
(Stearns, 1953, p. 964-966) ; it is inferred to be absent 
east of Socorro, :where shales lie at the base of the Upper 
Cretaceous (Wilpolt and V\T anek, 1951, sections on sheet 
No. 2) ; and it is locally absent northwest of Socorro 
(Gadway, 1959, p. 18). In all of these areas, the Tres 
Hermanos sandstone is thick and extensive. Further
Inore, fossils of the oldest Late Cretaceous faunal zones 
are not known in southwestern New Mexico. There
fore, some of the upper parts of the Beartooth quartzite 
and the Sarten sandstone of southwestern New Mexico, 
and the so-called Dakota sandstone of south-central 
New Mexico may be equivalent to the Tres Hermanos 
sandstone member. This interpretation is consistent 
with paleontologic data now available. The Tres Her-
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nuu1os sandstone member wedges out to the northeast 
in marine shale in the San Juan Basin, roughly along 
a line extending between Santa Fe and Farmington. 

The Greenhon1 limestone member of the Mancos 
shaJe (fig. 109.1, B) has n, rather sharply defined re
vet•se S-shaped southern boundary; it is present east of 
Socorro, but is absent above the Tres Hermanos sand
stone member northwest of Socorro. The Greenhorn 
.limestone member grades southwestward into marine 
shale, which in turn grades into sandstone that has been 
included in the basal part of the :Mesaverde formation 
in south-central New l\1exico (l{elly and Silver, 1952, 
p. 112). The basal part of this sandstone carries the 
lnoce'ranuus labiatus fa, una of latest Greenhorn age ( J. 
B. R.eeside, Jr., written communication, April 2, 1956'). 

Areal limits of the upper part of the Gallup sand
stone (fig. 109.1, 0)' which is the oldest sandstone for
mation of the l\1esa.verde group here shown, have not 
been greatly revised from those previously recognized 
(Pike, 1947, fig. 7, p. 95). I-Iowever, the next younger 
sa.nclstone of the group, the "stray" sandstone of Sears, 
I-Iunt, and llenclricks (1941, p. 112) seems to be repre
sented by laterally discontinuous sandstone units over a 
much.la:rger area than previously recognized (fig. 109.1, 
D). These glauconitic, generally coarser grained sand
stone units are regarded as proba.bly equivalent to and 
contemporaneous with the "stra.y" sandstone, and lie 
above an unconformity representing the latter part of 
Carlile time (Dane, 1960). The northern arcuate 
boundary of these discontinuous sandstones is con vex to 
j·.he north; this boundary is about 60 miles southwest of, 
but a.pproximately parallel to, the southern limit of 
the Fort }fays limestone member of the Niobrara for
mation, which is of nearly the sa-me age. 

About 200 to 300 feet higher in the section is the Dal
ton sa.ndstone member of the Crevasse Canyon forma
t.ion, which also extends farther north and east tha.n 
previously recognized (fig. 109.1, E). The thin sand
stone in northeastern New l\1exico a.t about the strati
graphic position of the Dalton has previously been sug-

gested as a correlative of the Gallup sandstone (Dane, 
Bachman, and Heeside, 1957, p. 113). 

The youngest unit shown is the Hosta, sandstone (fig. 
109.1, F); a lower tongue of the Point Lookout sand
stone of the Mesa.verde group. The Point Lookout 
sandstone extends far to the north and northeast of the 
area shown on the accompanying maps but the I-Iosta 
sandstone tongue terminates well to the south of the 
fea.ther edges of the "stray" sandstone and Dalton sa.nd
stone member. 

The stratigraphic relations and the patterns of dis
tribution of the sandstone units suggest that all these 
sandstones were derived from a southwestern source 
and were deposited on a marine shelf lateral to the 
main body of the La.te Cretaceous sea to the east. 
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110. LITHOLOGIC SUBDIVISIONS OF THE REDWALL LIMESTONE IN NORTHERN ARIZONA-THEIR 
PALEOGEOGRAPHIC AND ECONOMIC SIGNIFICANCE 

By EnwrN D. Mcl{:KJ<J, Denver, Colo. 

The Hedwall limestone of Mississippian age extends 
across most of northern Arizona with relatively little 
change from one place to another either in lithologic 

sequence or in relative proportions of rock types. Al
though the formation ranges in thickness from a thin 
edge in the eastern pa.rt of the State to slightly more 
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than 800 feet in northwestern Arizona, the four mem
bers into which it is divided persist throughout most of 
the area and show only very gradual changes in thick
ness; 

The four members of the Redwalllimestone are ten
tatively designated as: (a) member A-the basal thick
bedded unit, 70 to 130 feet thick in Grand Canyon, con
sisting of limestone in the western part but of dolomite 
in the eastern part; (b) member B-65 to 105 feet 
thick, composed of alternating beds of chert and car
bonate rock 1 to 6 inches thick and which form a con
spicuous banded cliff in most places; (c) member 0-
a very thick-bedded, massive, cliff-forming unit, 200 to 
400 feet thick, composed of both aphanitic limestone 
and coarse-grained, largely crinoidal limestone; and 
(d) member D-40 to 100 feet thick, thin-bedded, 
mostly aphanitic limestone, with some chert beds. 

The change from thick to thin bedding from member 
A to member B, and a similar change from member 0 
to member D, probably resulted from significant 
changes in base level during deposition. Development 
of a relatively shallow base level with consequent in
terruptions in sedimentation is indicated by a change to 
thin-bedded deposits. Deposition of these thin beds in 
the upper part of each sequence terminated with gen
eral bevelling of the surface. Thus, the thin strata 
probably represent deposits of sea regression, whereas 
the underlying thick beds indicate an advancing sea 
and maximum rate of water deepening. The forma
tion, therefore, is believed to be the result of sedimenta
tion during two major cycles of advance and retreat of 
the sea across a relatively flat area. 

Delineation of the four subdivisions of the Redwall 
limestone makes possible the recognition of significant 
regional trends that are otherwise obscure.· For ex
ample, thinning of the formation toward the Defiance 
uplift area in northeastern Arizona is the resUlt, 'at 
least in part; or onlap of sediments against a positive 
element, for immediately west of the Defiance area the 
lower two members are absent and the upper ones rest 
upon Devonian strata. Another trend of the form~a
tion as a whole is its thinning ~outhward across the area 
adjacent to its margin in oentral Arizona. This trend 
is the result of post-Redwall stripping of uppermost 
units in . that area; originally the formation thickened 
southward, as illustrated by the thickness-trends of 
lower members which have not been reduced by erosion 
(fig. 110.1, A and B). 

The major paleogeographic elements that existed in 
northern Arizona during Early Mississippian time have 
been determined on the basis of regional trends of in~ 
dividual members in the Redwall. The Defiance up-
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FIGURE 110.1.-Isopach maps of Redwall limestone in northern 
Arizona; A, member A; B, member B; 0, total Redwall. Iso
pach lines dash'ed where approximate. 

lift in northeastern Arizona was a positive element and 
stood above sea level. West ward from it a prong or 
submarine ridge marked the boundary between an even
surfaced, northwest-sloping shelf, and a shelf that 
sloped southwestward into central Arizona. The shelf 
areas seem to have been very even and flat-one extend
ing to the edge or hinge of the Cordilleran geosyncline 
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to the northwest, and the other forming the northern 
rim of a basin in which the thick Escabrosa limestone 
of southern Arizona was formed. 

The importance of differentiating the members of the 
Redwall limestone and of determining lithologic and 
thickness trends of these members has become apparent 

with the recent discovery of oil and gas in rocks of 
Early Mississippian age of the region. Production is 
reported from member B in at least two localities and 
also from member (} in one locality. Careful tracing 
of these units in the subsurface already has proven of 
considerable economic value. 

111. PLIOCENE SEDIMENTS NEAR SALIDA, CHAFFEE COUNTY, COLORAD~ 

By RALPH E. VAN ALSTINE and G. EnwARD LEwis, Washington, D.C., and Denver, Colo. 

Work done in cooperation witn Colorado State Metal Milning Fund Board 

Geologic mapping in the Poncha Springs quadrangle, 
Chaffee County, Colo., has shown the presence of prob
able lower Pliocene sediments. The sediments are dated 
from vertebrate fossils collected at two localities be
tween 7 and 11 miles north-northwest of Salida, near 
the junction of U.S. Highway 285 witJh Colorado IIigh
wa.y 291: at locality D296, fragments of fossil camel 
bones were fow1d, and at locality D298, an antilocaprid 
bone and fragments of fossil horse teeth were found. 

The sediments consist of gray, yellow, brown, pink, 
and red interbedded clays, silts, sands, and gravels. 
They are poorly consolidated, with the exception of 
some well-cemented calcareous lenses of gravel and sand 
and an argillaceous siltstone that has a blocky fracture. 
The gra ve]s n.nd sands are locally arkosic and cross
bedded. Well-rounded pebbles, cobbles, and boulders in 
the gravels are derived chiefly from the nearby Pre
cambrian igneous and ·metamorphic rocks and Tertiary 
volca.nic rocks. The Pliocene sediments dip generally 
less than 10° in various directions, rest unconformably 
on the Precambrian rocks and Tertiary volcanic rocks, 
and are overlain locally by glacial outwash. A section 
of the beds about 500 feet thick is exposed in the a.rea 
north west of Salida. 

Tentative identifications of the fossils are: 

?Pliaucnfmlia sp.; USGS fossil vertebrate locality D296, SWlA, 
SWlA, sec. 34. T. 51 N., R. 8 E., Chaffee Co., Colo. ; 22 frag
ments of a metapodial. 

?Neonipparion sp.; USGS fossil vertebrate locality D298, NW·l4 
SE1,4 sec. 16, T. 51 N., R. 8 E., Chaffee Co., Colo.; 2 fragments 
of an upper cheek tooth and an incomplete lower cheek tooth. 

Antilocaprid, gen. and sp. indet. ; also from locality D298; in-
complete astragalus. 

These identified specimens are elements of a fauna that 
is probably of early Pliocene age, comparable to the 
fauna from the lower part of the Ogallala of Nebraska, 
and possibly comparable in age to that of the horse 
identified by Gazin (in Stark and others, 1949, p. 69) 
from the W agontongue formation of South Park, Colo. 
Pliohip·pu.s leidyanu.s Osborn was identified by Romer 
from a molar tooth found "near Salida" (in Powers, 
1935, p. 189) ; this is a species characteristic of the upper 
part of the Ogallala of Nebraska. The presence of 
Pliohippu.s leidyanus would indicate that the sediments 
near Salida may be in part of younger age than those 
that yielded the ~N eohipparion sp. identified in this 
report. 
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112. SOME LATE CRETACEOUS STRAND LINES IN NORTHWESTERN COLORADO AND NORTHEASTERN UTAH 

By A. D. ZAPP and vV. A. CoBBAN, Denver, Colo. 

The eastward withdra.wa..l of the Late Cretaceous sea 
from northeastern Utah and northwestern Colorado 
was interrupted by many partial readvances of the sea, 
as recorded by superposition of tongues of marine strata 
on tongtles of nonmarine strata. This paper describes 
some of the regressive-transgressive cycles recorded in 
strata of late Ca.mpanian and Maestrichtian age. 

This is a brief progress report on a field investigation 
begun in 1958. The work thus far has not included 
subsurface studies. For a full summary and discussion 
of intertonguing sedimenta.ry facies in part of the area 
the reader is referred to Spieker ( 1949). Weimer 
( 1960) has summarized the major Cretaceous regres
sive-transgressive cycles over a broad area. 

THICKNESS AND FACIES 

The rocks here considered are thickest-about 6,000 
feef-in the northeastern pa.rt of the area and thin 
markedly southwestward toward two ancient positive 
features, the Uncompahgre uplift' and the Douglas 
Creek arch (fig. 112.1). The variation in thickness is 
attributed to differential subsidence in an area of con
tinuous sedimentation. 

The rocks have been divided broadly into marine and 
nonma.rine facies, with two subfacies distinguished in 
each category. The geographic and stra,tigraphic dis
tribution of these facies are summarized in figure 112.2, 
which shows tha.t many of the facies boundaries do not 
coincide with formational boundaries. 

Most of the nonma.rine rocks are grouped as a.n un
differentiated assemblage of lenticular sandstone, silt
stone, shale, and coa.J, characterized as a whole by ir-

. reguhtr bedding, discontinuity of beds, and relatively 
poor sorting. Coal typically occurs nea.r the seaward 
margins of the nonmarine assemblage, commonly asso
ciated with beds of brackish-water origin. 

The correlative nonmarine Castlegate and Rimrock 
sandstones (columns 1 and 10, fig. 112.2) are notable 
exceptions to the general discontinuity of nonmarine 
rock units, though bedding is irregular and individual 
beds are lenticular. The sandstone is somewhat coarser 
thah in the other facies here considered, much of it 
being medium to coarse grained. Spieker ( 1949, p. 70-
73) has shown that the Castlegate sandstone resulted 
from an orogenic pulse in the source a.rea. Young 
( 1955, p. 188) has shown that the Castlegate sandstone 

41° 

40° 

39° 

50 0 50 MILES 

FIGURE 112.1.-Generalized geologic map of part of northwestern 
Colorado, northeastern Utah, and southwestern \Vyoming, 
showing principal areas of outcrop of: 

1. Mesaverde formation or group and .rounger Upper Cretaceom; 
rocks ( clense stippling). 

2. Rock~> older than Mesaverde (diagonal ruling). 
3. Older Terthuy rocks (light stippling where concordant with 

Upper Cretaceous rocks; coarse dots where discordant). 
4. Late Tertiary rocks (white) that rest discordantly on older 

rocks. 

of the type area is replaced eastward by coal-bearing 
sediments ( undifi'erentiated nonmarine rocks of this 
paper), which are in turn replaced farther east by the 
marine Castlegate sandstone. The Rimrock sandstone 
shows similar lateral relations. The Ericson sandstone 
of the area north of the Uinta Mountains (fig. 112.1) is 
similar in lithology and stratigraphic position to the 
nonmarine Castlegate and R.imrock sandstones. 

The rocks of the marine facies are characterized by 
regular, parallel bedding, excellent sorting, and wide 
persistenc~ of beds. Thick-bedded to massive fine
grained light-gray sandstone, generally containing casts 
of I-I alynwnites m'aj01', characteristically occurs at and 
near the landward margins of the marine rocks; dark
gray siltstone and shale cluuacterize the more seaward 
sediments. 

... 

·1-" 
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FIGURE 112.2.-Generalized columnar sections of uppermost Cretaceous rocks in northwestern Colo
rado and northeastern Utah, showing distribution of facies and correlation of named strati
graphic units. l!..,or location of sections see figure 112.3. Sections are modified after the authors 
cited. 

B247 



B248 GEOLOGICAL SURVEY RESEARCH 1 9 6 0-SHORT PAPERS IN THE GEOLOGICAL SCIENCES 

REGRESSIVE-TRANSGRESSIVE CYCLES 

Regressive movements of the sea are recorded by 
superposition of nonmarine upon marine strata; trans
gressive movements are recorded by reversal of that 
succession. · The wedge-edge of a tongue of marine rocks 
penetrating nonmarine rocks, or of nonmarine rocks 
penetrating marine rocks, marks the position of an 
ancient strand line. A large number of regressive
transgressive cycles are recorded by interfingered ma
rine and nonmarine Upper Cretaceous rocks in this area, 
but only cycles that involve at least ·300 feet of strata 
are enumerated here. 

In the northeastern part of the area, the transgressive 
marine tongues include considerable shale and siltstone. 
Regressive marine sandstone is invariably at the top of 
the shaly tongues, and transgressive marine sandstoJie. 
commonly occurs at the base. Sandstone may be tP.e only 
inariiie facies present toward the landward tips of the 

· tongues. In the thinner sections along the Book Cliffs 
to the south, marine shale and siltstone are subordinate 
in the tongues, and transgressive ·sandstones have not 
been observed. 

Regressive pulses may be reflected for variable dis
tances seaward from the stra1id line by tongues of ma
rine sandstone penetrating the shale-siltstone facies. 
The Morapos sandstone member of the Mancos ,shale 
(columns 4 and 5, fig.112.2) may thus reflect a regressive 
movement older than those here enumerated, for fossil 
evidence (fig. 112.2) shows the l\1orapos to be older 
than the marine Castlegate sandstone. 

·· The several nonmarine and marine tongues that have 
been recognized are identified on figure 112.2 and the 
general positions of corresponding strand lines, as in
ferred from the results of late·ral ·tracing of those 
tongues and from paleontologic evidence, are shown in 
figure 112.3. Hale ( 1959, p. 64-65) has previously de
picted the T A strand line, and Weimer ( 19·60, p. 16) 
has shown the TF strand line. The following relates 
to data not evident in figure 112.2. 
1. The lower Iles cycle ( RB and TB, figs. 112.2 and 

112.3) has not been identified along the Book 
Cliffs. Possibly it is reflected in the lower Sego 
sandstone-Anchor tongue marine sequence near 
the Colorado-Utah line (column 11, fig. 112.2), in 
which case the corresponding nonmarine-marine 
cycle may be presm~t somewhere farther west. If 
so, the southwestward extension of lines RB and 
TB (fig. 112.3) must swing to a west-southwest
erly direction. That the sea lingered relatively 
longer in eastern Utah is also suggested by ma
rine fossils as young as the basal part of the B a
culites scotti zone in the Sego sandstone of that 
area (fig. 112.2). 

EXPLANATION 

c~ 
Principal outcrop area of Mesaverde formation 

or group and younger Cretaceous rocks 

R-l.......R 
Approximate seaward limit of deposition of tongues 

of nonmarine rocks. Hachures point in landward 
direction 

T-.--T 
Approximate landward limit of deposition of tongues of . 

marine rocks. Hachures point in seaward direction 

t TF-Upper Williams Fork-Lewis transgression 
5 RF-Upper Williams Fork regression 
<!l TE-Middle Williams Fork transgression s TO-Upper Bowie transgression 
\2 RD-Lower Williams Fork-lower Bowie regression 

TC-Upper lies-lower Mount Garfield transgression 
RC-Middle lies-Palisade regression 

5 TB-Lower lies transgression 
g RB-Lower lies regression 
o TA-Buck transgression 
t RA-Castlegate-Rimrock regression 

CD-----® • 
Locations of columnar sections of figure 112.2 

y z 
Localities mentioned in text 

50 0 50 MILES 
~~~~~~~-------~ 

~"'IGURE 112.3.-Map showing location of sections in figure 112.2 
and general locati~n and trend of certain regressive and 
transgressive strand lines during Late Cretaceous time, as 
inferred from outcrop studies. 

2. A marine intercalation correlated with the TC 
tongue on the basis of stratigraphic position oc
curs southeast of Baggs, Wyo. at 'locality Z (fig. 
112.3) but was not found at locality Y (fig. 112.3). 
Another marine intercalation similarly correlated 
with the TE tongue occurs at locality Y (fig. 
112.3) but is absent about ten miles northwest. 

3. The RC and RD nonmarine tongues, though thin
ning rapidly, are still present in the easternmost 
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exposures near Oak Creek (column 6, fig. 112.2) 
but equivalent rocks are entirely marine in the next 
exposed section about 25 1niles to the east. 

4. The exact correlation of the transgressive tongues 
above the RD tongue in columns 14, 8, and 5 (fig. 
112.2), is not known. The upper tongue of the 
Bowie shale member of column 14 undoubtedly 
correlates with one of the two prominent tongues 
below the Allen coal of column 8; in either case, 
there must have been a strand line in the general 
position of TD (fig. 112.3). The TE strand line 
(fig. 112.3) represents the known extent. of the 
T'wentyrnile sandstone member and associated ma
rine rocks. It may be represented by the upper
most marine tongue of column 8. 

5. The position of the upper 'V\Tilliams Fork regressive 
strand line (RF, fig. 112.3) is poorly known. The 
basal part of the Lewis shale overlying the greatly 
thinned RF tong~1e near Oak Creek (column 6, fig. 
112.3) has yielded fossils indicative of the zone of 
Bacnlites g'randis. The basal Lewis at locality Z 
(fig. 112.3) has yielded the older Baculite8 eliasi, 
indicating that the RF tongue is replaced by ma
rine rocks in the intervening area. 
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113. STRATIGRAPHY AND STRUCTURE OF THE PRECAMBRIAN METAMORPHIC ROCKS IN THE TENMILE 
RANGE, COLORADO 

By A. H. l(osCI-Il\fANN and M. H. BERGENDAHL, Denver, Colo. 

Work clone in coope,ration with the Coloraclo State Metal Mining Fund Board 

The Tenrnile H.ange lies in north-central Colorado, 
in the southern part of Summit County, about 80 miles 
west-south west of Denver (fig. 113.1). Exposed along 
t·he crest and upper slopes of the range is a complex of 
Precambrian contorted metasedimentary granulite, 
gneiss, and migmatite, which have been intruded by 

557753 0-60>--17 

Precambrian granite and Tertiary granodiorite. On 
the geologic map of Colorado (Burbank and others, 
1935) this complex is included in a much larger mass 
of Precambrian rocks that extends northwestward into 
the Gore Range and southward into the :Mosquito 
Range. These rocks can be subdivided into four dis-
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FIGURE 113.1.-Index map showing location of the Tenmile 
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crete and persistent stratigraphic units, whose relative 
age can be determined by their order of superposition in 
areas where their layering and foliation have relatively 
flat dips. These units consist, in ascending order, of 
granulite, banded· gneiss, migmatite, and pink quartz
biotite-plagioclase gneiss. The high metamorphic 
grade of these rocks is indicated by the presence of 
hornblende, pyroxene, garnet, and sillimanite, chiefly 
in the banded gneiss and migmatite (see fig. 113.2). 
The major structure in the area is a syncline that trends 
east\vard and southeastward and is flanked by anti
clines. 

LITHOLOGY 

GRANULITE 

The granulite of the Tenmile Range is a high-grade 
metamorphic rock of granoblastic texture, consisting 
essentially of quartz, white oligoclase-andesine, and 
white microcl ine; its chief accessories are biotite and 
muscovite. The proportions of these components vary 
locally, producillg dominantly quartzose facies at some 
localities and a feldspathic facies at others. Much of 

the rock displays gneissic foliation, imparted by ori
ented flakes of mica and lenticles of quartz and feld
spar, but in some places foliation is very faint or absent. 
The use of the term granulite accords with that of 
Harker (1939, p. 246-248). 

The granulite is exposed only along the axes of the 
anticlines, and no exposure shows its base; hence its 
true thickness cannot be determined. An approximate 
minimum thickness is about 6,500 feet. 

BANDED GNEISS 

Overlying the granulite is a banded rock made up of 
alternate layers of amphibolite and granulite that 
range in thickness from about a sixteenth of an inch to 
several feet. The total thickness of the banded gneiss 
ranges from 20 feet to 1,600 feet. Locally, probably 
through tectonic processes, this unit is absent. The 
amphibolite layers in the gneiss are traceable in places 
for more than 100 feet, but more commonly they are 
fractured at short intervals, or broken into strings of 
boudins. The granulite layers were the more plastic, 
having flowed locally; the amphibolite layers 'vere more 
competent and yielded by fracture. Near the contact 
of the banded gneiss with the underlying granulite, the 
rock layers of the banded gneiss are usually thicker 
than elsewhere. The upper third of the gneiss is com
posed of thinner layers, and the mafic layers there con
tain variable amounts of biotite in addition to horn
blende. The contact of the banded gneiss with the 
overlying migmatite is gradational through as much as 
200 feet. 

MIGMATITE 

The most widespread rock unit in the area is a mig
matite, composed mainly of quartz-biotite-plagioclase 
gneiss and schist interlayered with subparallel lenses 
and stringers of a quartz-feldspar rock of granitoid to 
pegmatitic texture. In some places the unit contains 
lenses and layers rich in sillimanite, garnet, calcite, and 
lime silicates. The layering is usually wavy and con
torted, and much less regular than that of the banded 
gneiss. As this unit is exposed only along axes of 
synclines, its true thickness cannot be ascertained; it is 
estimated, however, to be at least 15,000 feet. 

PINK GNEISS 

Exposed along the western margin of the area, imme
diately west of a large north-south fault, is a gneiss that 
consists mainly of quartz, biotite, and a characteristic 
pink plagioclase but that locally contains lenses of lime
silicate gneiss. This rock apparently overlies the 
migmatite (fig. 113.2), but the exact relations are not 
clear. No complete section of this rock unit is exposed 
in the mapped area and its thickness is not known. 
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STRATIGRAPHIC SUCCESSION 

The stratigraphic sequence of the metamorphic rocks 
had to be determined by means of structural evidence, 
for they contain few relict sedimentary structures and 
those that were found were too poorly preserved to be 
useful. In the northern and southern parts of the area, 
where the dips of the layers and foliation range ·from 
35° to 60°, the stratigraphic relations are everywhere 
the smne; the granulite is overlain by banded gneiss, 
which is overlain by migmatite. In some areas where 
the dips are steeper (fig. 113.2), an overturned limb 
of a fold may suggest that the migmatite is oldest, but 
this relation is always very local and was never ob
served where the dips of foliation are relatively flat. 
The persistent stratigraphic sequence in areas of .low 
dips also makes it unlikely that there has been any re~ 
cumbent folding, for if such folding had occurred for 
considerable distances along an inverted limb-and it 
has never been seen to do so-the migmatite would 
somewhere underlie the granulite."' Furthermore, no· 
Alpine-type folding is known to exist elsewhere in the 
central Rocky Mountains. 

The relation of the pink gneiss to the other ·gneisses 
is not clearly revealed. The pink gneiss is exposed 
only in the northwestern part of the area, and there it 
seems to overlie the migmatite. For this reason it is 
considered younger than the migmatite. 

STRUCTURE 

The metamorphic rocks have been thrown into a series 
of isoclinal folds and cut by faults. 

FOLDS 

The principal fold in the area is a syncline trending 
easbvard or southeastward, flanked on the south by a 
·southeastwa.rd-plunging anticlinal nose and on the 
north by an anticline trending east-west (fig. 113.2). 
On the limbs of the northern anticline there are minor 
folds, some due to drag and others due to local flowage 
of the felsic rock la-yers. In the extreme northern part 
of the area, west of Frisco, only the west limb of a 
northward-trending anticline or the truncated nose of 
an anticline is exposed. It is separated from· the struc
tures to the south by a fault and their mutual rela
tions are not revealed. 

FAULTS 

The Precambrian rocks in the Tenmile Range are 
cut by several large high-angle faults, marked by 
shatter zones that range in width frmn a few tens of 
feet to several hundred feet (fig. 113.2). Most of the 
shattered rock in these zones has been cemented by 
silica, and they are interlaced with quartz veins carry
ing variable amounts of sulfides. The north-south 

. fault fissure· southeast of Frisco contains potassium 
feldspar. Numerous slickensides in the sheared rocks 
indica.t"e recurrent movements in various directions. 
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114. SALT ANTICLINES AND DEEP-S~ATED STRUCTURES IN THE PARADOX BASIN, COLORADO AND UTAH 

By H. R. J OESTING and ·J. E. CAsE, Washington, D.C., and Berkeley, Calif. 

Work (lone p(u·tly in cooperation with the U.S. Atomic Ene1'!/Y Comrrnission 

The salt anticlines of the Pa.radox basin (fig. 114.1} 
were formed by plastic flow of evaporites of Pennsyl
vanian age, which were originally more than 6,000 feet 
thick in the deepest parts of the basin. Some of the 
anticlines are as much .as 75 miles long, and their salt 
cores are something like 2 miles high and 2 to 4 miles 
long. The cores of the larger anticli1i.es were exposed 
during much of their growth, so that sediments· de
posited during that period pinch out against their 

flanks. Thick deposits of limestone and clastic rocks 
· of late Paleozoic and Mesozoic age now cover the evapo

rites, except over the axes of the anticlines. 
All of the larger salt antinclines are in the deeper, 

northeastern part of the Paradox basin, where the Pre
cambrian basement may in some places be as much as 
17,000 feet beneath the surface. The anticlines all 
strike northwestward, parallel to the axis of the basin 
and to the structural front of the uplifted lTncom-
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pahgre Plateau (fig. 114.1). This fact suggests are
lation between the anticline~ and deep-seated regional 
structures, but if such a relation exists direct geologic 
evidence for it is buried beneath thick deposits of Per
mian and Mesozoic rocks. 

The tectonics of the Paradox basin, the nature and 
history of the salt structures, and the causes of salt 
flow, have been studied by many investigators. Se
lected bibliographies accompany publications by Shoe
maker, Case, and Elston ( 1958) ; J oesting and Byerly 
(1958); and Jones (1959). Jones thinks it probable 
that the salt anticlines were formed solely as a result of 
differential loading of the evaporites, rather than by 
compressional folding or deep-seated faulting as be
lieved by some of the earlier investigators. In this 
paper we are ·concerned only with the magnetic and 
gravity evidence bearing on the configuration and struc
ture of the Precambrian basement in the salt anticline 
area of the Paradox basin, and on the association of 
deep-seated structures ·with the salt anticlines. 
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SIGNIFICANCE OF THE MAGNETIC AND ·GRAVITY 
MAPS 

Preliminary aeromagnetic and gravity maps of the 
area are shown in figures 114.2 and 114.3. They are 
based on procedures described by Joesting and Byerly 
( 1958) and Byerly and J oesting ( 1959). Because of 
the small scale and large contour intervals of tlu~ maps, 
they show only the more prominent anomalies. 

Magnetic and gravity highs are associated with the 
uplifted Uncompahgre Plateau and its buried north
western extension, where the generally magnetic and 
dens.:~ rocks of the Precambrian complex are closer to the 
s~rface than in th_e adjoining basin. Others are asso
ciated with the diorite porphyry laccoliths of the La Sal 
Mountains, which are denser _and more magnetic than 
the enclosing sedimentary rocks. Large gravity lows, 
on the other hand, are associated with the larger salt 
anticlines, because the density of the thickened salt 
masses is only about 2.2 g per em\ compared with about 
2.55 g per cm3 for the adjoining rocks ( J oesting and 
Byerly, 1958, p. 14-15). The evaporites and other sedi
mentary rocks are virtually nonmagnetic. 

Ridges or upwarps of Precambrian basement rocks, 
some of them having a vertical relief of several thousand 
feet, are indicated by the magnetic highs bordering 
Gypsum Valley on the southwest and Moab Valley on 
the south and southwest (Joesting and Byerly, 195'8, 
p. 10; Joesting and Plouff, 1958, p. 89). These base
ment highs apparently form the southwestern bound
aries of the deeper parts of the Paradox salt basin. 
Estimates of depths to these sources of the magnetic 
highs 'vere based on the methods of Vacquier and others 
(1951),and on methods described by Heiland (1940). 

The magnetic evidence for basement highs is sup
ported by regional gravity gradients along parts of 
Gypsum and Moab V al_leys. These gradients indicate 
that the basement is denser or nearer the surface to the 
southwest and south, but the gradients are also partly 
clue to the thinning of salt. The evidence for basement 
highs is partly confirmed by recently drilled holes that 
penetrated rocks of Mississippian age; the locations of 
some of these holes are shown in figure 114.2. Esti
mates of the thickness of the underlying sedimentary 
rocks were made from the isopach maps of Cooper 
(1955), Baars (1958), and Neff and Brown (1958). In 
some localities these. estimates may be in error because 
of irregularities on the Precambrian surface, and be
cause we know little about the stratigraphy and struc
ture of the older Paleozoic rocks. Estimates of depths 
from magnetic data may, of course, also be in error. 

The magnetic and gravity evidence also suggests com
paratively shallow depths to the basement just north 
and also southwest of Lisbon Valley salt anticline 
(Byerly and J oesting, 1959, p. 44-45). This evidence 
is partly confirmed by recent drilling, which penetrated 
rocks of Mississippian age. Southwest of Lisbon Val
ley, however, the depth indicated by drilling is much 
greater than that estimated from the magnetic data. 
Gravity evidence (Byerly and Joesting, 1959, p. 46) 
also indicates that the basement lies deeper northeast of 
Lisbon Valley anticline, but the effects of changes in 
density and depth cannot be separated. 

The gravity and magnetic data further indicate that 
the La Sal Mountains and a large area to the southeast 
rest on a broad basement platform. The northeastern 
boundary of this platform is apparently defined by a 
continuation of the Paradox Valley regional gravity 
and magnetic gradients past the La Sal Mountains, 
the southeastern boundary by a southwest-trending 
gravity gradient extending from Paradox Valley to the 
northwest end of Gypsum Valley, and the northwestern 
boundary by a gravity gradient that bounds the La Sal 
Mountains on the northwest. These inferred bound
aries are shown on figures 114.2 and 114.3. 
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The gravity anomalies along the inferred boundaries 
of the platform are probably caused in part by thin
ning of salt; for example, from Moa.b and Castle Val
leys southeastward toward the La Sal Mountains, and 
from Gypsum and Paradox Valleys northwestward. 
Their main causes, however, are differences in the den
sity or depth of the basement rocks. Magnetic evidence 
indicates comparatively shallow depth to basement at 
the north western end of Paradox Valley, and it there
fore seems likely that the regional anomalies may be 
due in part to relief on the surface of the Precambrian 
basement. 
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115. DISTRIBUTION AND PHYSIOGRAPHIC SIGNIFICANCE OF THE BROWNS PARK FORMATION, FLAMING 
GORGE AND RED CANYON AREAS, UTAH-COLORADO 

By ';y ALLACE R.. I-:IANS~<:N, DouGLAS J\1. KINNJ<~Y, AND JOHN M. GooD, Denver, Colo., Washington, D.C., and 
U.S. National Park Service, vVashington, D.C. 

The Browns Park form.ation ( J\1iocene?) , named by 
Powell ( 1876, p. 44 and 168), is typically exposed in 
the valley of Browns Park, in the Uinta ]\fountains, 
which lies astride the Utah-Colorado State line. From 
its type area the formation extends eastward as an un
broken blanket almost to Craig, Colorado (Sears, 
1924a, pl. 35; 1924b, fig. 1), a distance of about 85 
miles; from Craig it extends discontinuously northward 
to and beyond Saratoga, '¥yoming (Love, '~Teitz, and 
liose, 1955). Its outcrop belt marks the course of an 
ancestral stream that probably flowed eastward toward 
the J\1ississippi drainage system (Bradley, 1936, p. 
188). R.ecently discovered remnants of the Browns 
Park formation extend discontinuously westward from 
the type area for another 25 miles or so, in and along
side R.ed Canyon of the Green R.iver. On the south 
slope of the Uinta Mountains, the formation is repre
sented by blanketlike deposits that cover broad areas 
north of Vernal, Utah (fig. 115.1). 

In its type area the Browns Park formation is widely 
and well exposed. Along the north side of the valJey, 
its boundary is rather well defined by fauHing, flexing, 
and erosion that occurred after its deposition. Along 
t·he south side of the valley, however, the formation has 
a,n irregular depositional· boundary, because it extends 
partway up tributary valleys that had previously been 
cut .into the Uinta Mountain group (Precambriai1). 

Long tongue-shaped remnants of the Brown::; Park 
fortnation that have a different history occur in the 
headward parts of most of these tributary valleys, in
cluding the vnJleys of Crouse Creek, Sears Creek, '¥a,r
ren Draw, ,Jackson Creek, Gorge Creek, and Cart 
Creek. These remnants, never previously mapped, are 
scattered over a maturely dissected terrain along the 
main divide of the Uinta range, and fill valleys cut by 
streams that originally flowed southward. They have 
been separated from the main body of the formation by 
subsequent erosion, and near their mouths the streams 
mentioned above have stripped off the Browns Park 
deposits or cut through them into the underlying Uinta 
Mountain group. Each tributary valley now has a pre
cipitous inner canyon· near its mouth, cut into the Uintn 
Mountain group. Farther south the tonguelike rem
llltnts merge into a bhtnket that fills Summit Valley 
and tops Diam.ond ]\fountain, north of Vernal (ICinney, 
I-Iansen, and Good, 1959, p. 1630). The formation must 

once have extended across the eastern end of the Uinta 
range as a continuous blanket, above which only the 
higher peaks and ridges protruded. 

The configuration of the hard-rock floor of the axial 
portion of Browns Park Valley is unknown. Along 
the margins of the valley, however-particularly the 
south margin-the floor is highly irregular. In many 
places windows, spurs, and salients of Precambrian 
rock protrude through the Browns Park formation; the 
most notable of these is l{ings Point, through which 
Swallow Canyon has been cut by the Green River in a 
classic example of superposition. 

vV est ward from the type area, discontinuous remnants 
of the Browns Park formation become progressively 
smaller, thinner, and more .widely separated. They 
consist of interbedded fanglomerates, sandstones, tuffs, 
and tuffaceous sandstones, lithologically similar to 
equivalent deposits in the type area. Thick and rather 
extensive remnants at Little Hole reach from the river, 
which here is about 5,500 feet above sea level, to an 
altitude of more than 7,000 feet. The formation was 
deposited here on the walls and floor of a deep, irreg
ula.r canyon. Smaller remnants along Red Ca.nyon 
west of Little Hole (fig. 115.1) have similar physio
graphic relations but do not reach river level; the sur
face on which they rest slopes upward toward the west. 

As remnants of the Browns Park formation in the 
Red Canyon area lie well below the Bear Mountain 
erosion surface, they must be a good deal younger than 
that surface. Eastward the Bear Mountain erosion 
surface appears to project into the air above Browns 
Park, rather than beneath it as Bradley supposed (1936, 
p. 163 and 180), and to merge into the remnants of 
the Gilbert Peak erosion surface that are preserved 
north of Browns Park on Goslin, Mountain Home, 
Head of Cottonwood, Bender, 0-vVi-Yu-J{uts, and Cold 
Spring Mountains. Discordances in altitude between 
remnants of the Bear Mountain surface in the Red 
Canyon area and remnants of the Gilbert Peak sur
face on adjacent Goslin Mountain are attributed to 
faulting and warping that occurred before, during, 
and after the deposition of the Browns Park forma
tion. 

A cycle··of valley cutting intervened between develop
ment of the Bear Mountain erosion surface and the 
deposition of the Browns Park formation. The shift 
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from degradation to aggradation may have been caused 
by heavy falls of volcanic ash, that mantled hillsides 
and clogged valleys and that were preceded and ac
companied by tectonic adjustments, rather than a cli
matic change . .,The Browns Park formation thus has a 
haphazard relation to earlier· topography; it caps a 
pediment remnant here, fills a valley there, or overtops 
a hillock somewhere else. In the Red Canyon area it 
filled an old canyon, overtopped the rims, and spread 
out onto the Bear Mountain surface. Subsequent re
juvenation entrenched the present Green River, which 
then carved Red Canyon by cutting through the Browns 
Pa.rk formation and into the Uinta Mountain group. 
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116. PROBABLE LATE MIOCENE AGE OF THE NORTH PARK FORMATION IN THE NORTH PARK AREA, 
COLORADO 

By '\V. ·J. HAIL, Jr., and G. EDWARD LEwis, Denver, Colo. 

The discovery of fragments of fossil vertebrates of 
probable late l\1iocene age in theN orth Park formation 
in its type area in North Park, Colo., permits tentative 
dating of the formation, and supports correlation with 
rocks of late Miocene age (Montagne and Barnes, 1957, 
p. 59) mapped as theN orth Park formation in the Sa.ra
toga basin of northm:n Colorado and southern Wyo
ming, and in other nearby areas. 

Beekly's ( 1915, p. 66) redefinition of the North Park 
formation has generally been followed by subsequent 
workers. In the type area south of Walden in central 
.Jackson County, Colo., the formation is at least 2,000 
feet thick, and at different places lies on the '\Vhite 
River formation of Oligocene age and on the Coalmont 
formation of Paleocene and Eocene age. Oligocene 
rocks underlying part of the North Park formation 
were recognized by Montagne (Montagne and Barnes, 
1957, p. 56). The .North Park formation of the type 
area is not continuous with rocks mapped as the North 
Park formation 20 to 30 miles farther north in the 
Saratoga basin of northern Colorado and southern 
Wyoming (McGrew, 1951, p. 54-57; 1953, p. 63-64; and 
Montagne and Barnes, 1957, p. 55-60). In the Sara
toga basin area, the North Park formation lies on rocks 
as old as Precambrian. 

The North Park formation both in its type area and 
to the north in Colorado and adjacent parts of southern 

vVyoming consists mostly of calcareous sandstone, with 
abundant conglomerate, conglomeratic sandstone, and 
limestone, and lesser amounts of shale, bentonitic clay, 
volcanic ash, and tuff. Volcanic detritus composes 
much of the formation. 

Vertebrate fossils were collected at three localities. 
Locality D437 is in the type area southwest of Walden, 
Colo., and localities D146 and D272 are in the southern 
Saratoga basin, Colorado and Wyoming. At locality 
D437 two weathered fragments of a fossil horse tooth 
were found in a bed of light-gray fine-grained calcare
ous sandstone about 900 feet above the base of the for
mation. In this area, the North Park formation lies 
unconformably on the Coalmont formation of Paleo
cene and Eocene age, and is about 1,100 feet thick; 
younger beds of the North Pa.rk have been eroded away. 
At locality D146 fragments of fossil horse teeth were 
found in beds of light-brown fine-grained calcareous 
sandstone that are estimated to be several hundred feet 
above the base of the formation. The formation in this 
area lies on Precambrian metamorphic rocks. At local
ity D272, fragments of an oreodont jaw were found in a 
bed of light-gray fine-grained calcareous sandstone 200 
to 300 feet above the base of the formation. At this lo
cality theN orth Park also lies on Precambrian metamor
phic rocks. Tentative identification of the specimens 
and the localities from which they came are as follows: 
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111cnJchi,1JJYLts sp.; ,USGS. fossil vertebrate loc. D437, NW% SW% 

sec. 17, T. 8 N., R. 80 W., Jackson County, Colo.; two 
fragments of an upper cheek tooth. 

Merychipptt8 sp.; USGS fossil vertebrate loc. D146, SW1.4 sec. 
7, T. 12 N., R. 80 W., Carbon County, Wyo.; four fragments 
of upper cheek teeth. 

?Bmchycnts sp.; USGS fossil vertebrate loc. D272, NE% NE1,4 
see. 7, T. 11 N., R. 80 ,V., Jackson County, Colo.; frag
ment of right ramus with one incomplete lower molar, and 
fragment of left ramus with lower molar and incomplete 
lower molars 1 and 3. 

These identified forms are elements of a fauna, prob
ably of late Miocene age, comparable to the fauna in 
the upper part of the Hemingford· group of N ebra~ka 
which Lugn (1939, p. 1253-1258, 1264, table 2) be
lieves to be of latest Miocene age. Many authorities 
believe that this fauna may be as old as early late Mio
cene, somewhat older tha.n Lugn believed it to be (Wood 
and others, 1941, pl. 1). 
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117. PALEOCENE AND EOCENE AGE OFTHE COALMONT FORMATION, NORTH PARK, COLORADO 

By W. J. HAIL, JR., a.nd EsTELLA B. LEOPOLD, Denver, Colo. 

Study of pollen and spore assemblages from the 
Coalmont formation of the North Park basin, Jackson 
County, Colo., indicates an Eocene age for the upper 
part of the formation instead of a Paleocene age as wa.s 
previously thought. The Coalmont formation has an 
aggregate thickness of as much as 9,000 feet in parts of 
North Park. It unconformably overlies rocks mostly 
of Cretaceous age, and is unconformably overlain 
locally by the 'Vhite River formation of Oligocene age 
and by the North Park formation of late Miocene age. 
The Coalmont formation forms the surface. rock for 
much of the North Park basin. 

The Coalmont formation has been correlated in 
~arlier studies entirely or in part with the Fort Union 
·formation of Paleocene age in the western interior 
basin (Beekly, 1915, p. 62-63; Brown, 1949). This cor
relation was based on fossil leaves collected by A. L. 
Beekly and studied by F. H. J(nowlton (Beekly, 1915, 
p. 61-66), and on fossil leaves collected and studied by 
R. vV. Brown. More recently, however, J}. ~V. Brown 
(written communication, 1958) suggested that a. collec
tion of fragmentary leaves from a bed of shaly sand
stone in the upper part of the formation might be 
younger than Paleocene. 

A sample of carbonaceous shale for pollen and spore 
· study was collected at USGS paleobotanicalloc. D1369·, 

about 5 miles southwest of ~Talden (NW14. sec. 8, T. 
8 N., R. 80 ,V.), from a bed at least 900 feet strati
graphically below the horizon of the fragmentary leaf 
collection examined by Brown (written communication, 
1958) but at least 2,000 feet stratigraphically above any 
of Beekly's leaf collections in western North Park 
( Beekly, 1915, p. 64-66). This sample contains five 
pollen and spore species common to Paleocene and Eo
cene rocks of 'Vyoming; but, significantly, the sample 
also contains pollen of Platyca:rya. The genus Platy
carya, a member of the walnut family, has only one liv
ing species, which is now restricted to forests of north
ern China and Japan. To date, Platycarya pollen is 
known in the New 'V orld only from rocks of Eocene 
age; it is present in the !{night, ''T asatch, and Green 
River formations in Wyoming, and the Clarno forma
tion in Oregon (E. B. Leopold and R. A. Scott, unpub
lished data). 
. Many additional samples for pollen and spore studies 
were collected in the Pole :Mountain-Coalmont area, 
the type area of the Coalmont formation in southwest
ern Jackson County. This area is about 14 miles south
west of vVa.lclen. The stratigraphically highest sample 
(USGS paleobotanical loc. D1359, NE 1,4 sec. 21, T. 
7 N., R. 80 W.) collected in the Pole Mountain
Coalmont area was from a bed of carbonaceous shale 
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about 8,500 feet below the top of the formation. This 
sn.mple conbtins eight pollen and spore forms regionally 
common to PnJeocene and Eocene rocks, as well as abun
dant pollen of Platyca1·ya and Gramineae. Pollen 
similnr to moden1 Gramineae (grass) pollen is not yet 
known from rocks older than Eocene. Gramineae pol
len has been found in 'Vyoming in the Green River 
forma.tion of e:trly and middle Eocene age, and in rocks 
younger tlutn. Green River. 

A suite of abundn.ntly fossiliferous samples was col
lected at USGS pa.leobotanical loc. D1408 (SW% sec. 
4·, T. 6 N., R. 81 vVa) and D1409 (NW 1)! sec. 4, T. 6 N., 
R.. 81 "r.) from an 800-foot-thick carbonaceous shale 
sequence which lies about 2,800 feet stratigraphically 
below loc. D1359. Ten samples yielded 38 species of 
pollen n.nd spores, of which the dominant form in most 
of the samples is pollen of Platycarya. Also present 
is pollen of Tiliaceae (linden family), here assigned 
to Tilia C1Yf..8Si]Jites 'Vodehouse; Tilia m·~sipites pollen 
is known in "ryoming and Colorado from rocks of 
early Eocene through Oligocene age, but is lacking in 
rocks of Pa.leocene age. All but 2 of the 38 species 
occur in the "Tasatch formation of early Eocene age, 
neltr Sheridan, 'Vyo. The other two specias are found 

in the Green River formation of early and middle 
Eocene age in southwestern Wyoming. 

A local unconformity in the Coalmont formation in 
the Pole Mounta.in-Coalmont area separates the 800-
foot-thick carbonaceous shale sequence from the lower 
part of the formation ; in this area the part below the 
unconformity has a minimum thickness of about 1,500 
feet. Carbonaceous shale samples from several locali
ties in this lower part of the formation yielded only six 
pollen species, none of which is an exclusively Eocene 
form, but all of which are common in early Tertiary 
rocks of the vVestern United States. 

The authors conclude tlutt the lower part of the 
Coalmont formation is of Paleocene age, based on the 
presence of Paleocene leaves; and that the upper 
part of the Coalmont is of Eocene age, perhaps early 
Eocene, based on the presence of pollen of Platycarya, 
Gramineae, and Tilia crassipites. 
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118. PRE-CUTLER UNCONFORMITIES AND EARLY GROWTH OF THE PARADOX VALLEY AND GYPSUM VALLEY 
SALT ANTICLINES, COLORADO 

D. P. ELSTON and E. R. LANDis, Denver, Colo. 

Wm·J.; clone in cooperat-ion wUh the U.S. Atomic Energy Gommtission 

The salt n,nticl ine region of the Colorado Plateau oc
cupies the deep, axial pa.rt of the Paradox basin in west
ern Colorado a.nd eastern Utah. The five ma.jor north
west-trending salt anticlines (inset,. fig. 118.1), which 
are ao to 70 miles long, have structurally complex cen
tral pa.rts 2 to 6 miles wide, and sa.lt cores 4,100 to 13,-
700 feet thick. Southwest of these, the salt-bearing 
unit of the Paradox member of the flermosa formation 
(Middle Pennsylvanian) ranges from 0 to about 3,000 
feet in thickness, whereas its original thickness in the 
deep part of the basin may ha.ve been about 7,000 feet. 

Rocks of the Paradox member, consisting of gypsum, 
generally fine-gntined clastics, ~wd carbonates, crop 
out locally in several valleys eroded along the axes of 
the salt ttnticlines, together with some broken beds of 
clayey gypsum, thnt a.ppear to be residual from leached 

salt beds. These rocks are about 400 to 1,300 feet thick. 
They overlie the salt and are unconformably overlap
ped by Pa.leozoic beds that consist of marine limestone 
and shale and of marine a.nd continental siltstone, arko
sic sandstone, and conglomera.te. The aggregate thick
ness of the younger Paleozoic beds is only a few hun
dred feet over parts of the salt structures, but is more 
than 5,000 feet in areas between the salt structures. 

PARADOX VALLEY 

Unconformities have been found at·several places in· 
Paradox Valley beneath thinned sequences of the up
per member of the Hennosa forma.tion (Middle Penn·· 
sylvanian), the Rico formation (Middle and Late 
Pennsylvanian in the Gypsum Valley and Paradox 
Valley areas), and the Cutler formation (Permian). 
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The upper member of the Hermosa formation is com
monly less than 50 feet thick in scattered outcrops, and 
in the northwest part of Paradox Valley it is separated 
from the Cutler formation by about 150 feet of inter
bedded limestone and arkosic sandstone of the Rico for
mation, both of whose contacts are unconformable. 
Both the upper member of the Hermosa formation and 
the Rico formation are about 3,000 feet thick on the 
south flank ~f the Paradox Valley salt anticline. 

There is a marked unconformity beneath the Cutler 
formation (fig. 118.1). The basal beds (units Pea, Pcb 
and Pee) consist of about 100 feet of gray, platy
bedded to indistinctly bedded, marine ( ~) sandstone 
and conglomerate, which grade. upward into fluviatile 
red beds typical of the Cutler (unit Pcd). The lowest 
unit of the Cutler (Pea), which is about 50 feet thick in 
the eastern part of the map area and contains scattered 
pebbles derived from underlying rocks, wat; deposited in 
fold troughs on an irregular erosion surfac~. Although 
this unit (Pea) pinches out locally to the -\vest, ari out
lier rests unconformably on the Paradox member of the 
Hermosa formation about 900 feet to the pouth of the 
pinch-out. In the western part of the map area, the 
next younger unit ( Pcb) unconformably overlies the 
upper member of the Hermosa formation, ~hich appar
ently truncates a part of the Paradox member. 

GYPSUM VALLEY 

Unconformities are seen in Gypsum Valley beneath 
the Cutler and Rico formations and beneath the upper 
member of the Hermosa formation in the map area of 
figure 118.2, and also two unconformities within that 
member. The upper member of the Hermosa forma
tion and the Rico formation rest unconformably on sev
eral different units of the Paradox member. 

The upper member of the Hermosa formation, which 
pinches out over the anticline in the central part of 
the map area but which is about 100 feet thick on its 
flanks, consists chiefly of gray dolomite and limestone. 
Its lowermost persistent unit is a bed of resistant dolo
mite, about 5 feet thick. West of the topographic 
saddle near the crest of the anticline, this dolomite over
lies black shale of the Paradox member with sharp 
angular discordance, and also trunca,tes an isolated dolo
mite bed of the upper member of the Hermosa that 
is sharply folded into the bhtck shale. About 300 
feet south of the anticline, the persistent dolomite over
lies a gypsum unit of the Paradox m.ember. On the 
south west side of the saddle, about 50 feet of thin
bedded dolomite in the upper member of the Hertnosa 
is truncated in a distance of about 150 feet beneath a 
breccia-rubble that contains pebbles, cobbles, and boul-

ders of limestone and sandstone. An overlying dolo
mite is truncated in turn by the Rico formation. 

The Rico formation, which is a,bout 100 feet in maxi
mum thickness but pinches out over the salt structure, 
consists of irregularly bedded grayish-red siltstone, 
sandstone, limestone, and dolomite. Some of the car
bonate beds in the upper half of the formation are 
clastic and consist of angular carbonate fragments in 
carbonate cement, indicating unsettled conditions of 
deposition. In the northeast part of the map area the 
Rico formation is unconformably overlain by a thin 
w~dge of purplish arkosic to conglomeratic sandstone, 
typical of the Cutler forma.tion. 

CONCLUSIONS 

The facts outlined above show that the cores of the 
Paradox Valley and Gypsum Valley salt anticlines are 
overlain by thin post-Paradox formations of Pennsyl
vanian and Permian age, pinching out over the anti
clines and separated by unconformities. These facts in
dicate that the growth of the salt cores in both anti
clines began in Middle Pennsylvanian time, not later 
than sometime during the deposition of the upper mem
ber of the Hermosa formation, that the tops of the 
salt structures generally stayed near local base level, 
and that the unconformities within, and separating, the 
thinned late Paleozoic formations record pulses of ver
tical movement in the salt cores. 

Because of the relatively thin cover of rocks above 
the salt prior to growth of the cores, it is thought that 
growth of the salt core was initiated by tectonic activ
ity. Such activity is recorded at some places by the 
arkosic debris, shed from the ancestral Uncompahgre 
Range, that is interbedded with evaporite and carbon
ate rocks in the Hermosa and Rico formations. Re
peated tectonic pulses may have caused continual 
growth, or at least intermittent growth, in Pennsyl
vanian time, during which more sedimentation took 
place alongside the growing salt structures than on 
their tops. After the uplift of the Uncompahgre 
Range, however, the continued growth of the salt cores 
during much of Permian time probably resulted from 
differential loading. 

The widely held concept that a great thickness of 
late Paleozoic beds was pierced by intrusive salt masses 
during inception of the salt anticlines is not compatible 
with the field evidence. This, however, does not pre
clude later intrusion into beds of the Cutler formation 
that may have c.overed the salt structures in Permian 
time. 
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119. STRUCTURE OF PALEOZOIC AND EARLY MESOZOIC ROCKS IN THE NORTHERN PART OF THE SHOSHONE· 
RANGE, NEVADA 

By JAMES GrLLULY, Denver, Colo. 

Work done in cooperation with the Nevada Bureau of Mines 

StructuraJ anaJysis of the area has revealed struc
tures that rival those of the Alps in complexity. The 
Roberts thrust has moved sheets many thousands of 
feet thick, composed of siliceous Ordovician, Siluria,n, 
ttnd Devon ian rocks, over carbonate rocks of Cambrian, 
Ordovician, Silurian, and Devonian age. Not only is 
the Roberts thrust itself folded into a tight overturned 
anticline, but the numerous thrust slices composing 
its upper pln..te have been folded into isoclinal folds,. 
some of them several thousmid feet across. Some of 
these folds ar:e recumbent, others upright, but all ride 
on the Roberts thrust. They are cut by a vertical fault 
about 1q miles long, ahnost normal to their trend, on 

5577,53 0-60--18 

either side of which very diverse structures have 
been developed simultaneously. All these structures 
are probably of Early Mississippian age. 

Superimposed on, and doubtless to some extent modi
fying, the Paleozoic structures are thrust sheets involv-: 
ing rocks of Ordovician, Pennsylvanian, Permian, nnd 
probable Triassic age. These sheets, though warped, 
are much less complexly folded than those below. Their 
transection of the underlying thru'st sheets, as well as 
their simpler structure and differing facies, prove them 
to be younger, but the absence of any dated rocks be
tween Triassic and Miocene in the area makes it impos
sible to assign a precise date to this orogeny. 
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120. STRUCTURAL FEATURES OF PYROCLASTIC ROCKS OF THE OAK SPRING FORMATION AT THE NEVADA 
TEST S.ITE, NYE COUNTY, NEVADA, AS RELATED TO THE TOPOGRAPHY OF THE UNDERLYING SURFACE 

By F~ N. HousER and F. G. PooLE, Denver, Colo. 

Based on work done in cooperation with the_ U.S. A.tomic Energy Oomm48sion 

All the conta,ined underground nuclea.r explosions 
of the past few years ai the Nevada Test Site have boon 
in tuff of the Oak Spring formation, of Tertiary age. 
For a complete understanding of the regional Tertiary 
geologic history and the local geology of the under
ground test sites, it is necessary to decipher the local 
structure-particula.rly the anticlines and synclines 
that were mainly formed by deposition on the hilly 
erosion surface underlying the Oak Spring formation
and to distinguish them from similar structures of 
tectonic origin. These anticlines and synclines (termed 
primary for purposes of this report) are moulded on 
pre-existing ridges and valleys, to which they roughly 
conform, and delimit the areas of relatively thin and 
thick tuff. The initia,l dips assumed by the beds have 
been modified to an unknown extent by differential 
compaction. Ray E. vVilcox (1958) and vV. R. Hansen 
and R. W. Lemke (written communication, 195~) were 
among the first to attribute these anticlines and syn
clines to the causes above outlined. 

The primary a.nticlines and synclines in the pyro
clastic rocks at the Nevada Test Site have been modi
fied by tectonic tilting, folding, a.nd normal faulting. 
In the mapped area (fig. 120.1), known faulting has 
been taken into account in analyzing the structure. 
This area may have been tilted or folded as a whole, 
though evidence for this is lacking. 

In the northern part of the Test Site the Oa.k Spring 
formation is as much as 2,300 feet thick and consists 
of very ·thick to thin layers of welded and non welded 
tuff and thick-bedded to laminated fluvial, lacustrine, 
and possibly eolian tuffaceous deposits. The tuffs were 
initially deposited, as ash falls or ash flows, on an ir
regular surface of considerable relief, and were subse
quently reworked in large p~ut by water a.nd wind to 
for1n tuffaceous sedimentary rocks. 

The width, length, amplitude, and loeation of the· 
primary folds in the Oak Spring formation depend 
directly on the local relief of the underlying surface 
and the thickness a.nd character of the deposit-ash
fall tuffs, ash-flow tuffs, or tuffaceous sediments. 

Detailed study has shown that the local relief on 
the erosion surface under the Oak Spring formation is 
of the same order of magnitude as the relief on the 

present topography of nearby surfaces earved from 
Paleozoic rocks and not covered by pyroclastics (fig. 
120.1). The maximum local relief on the old surfaee 
ranges from 400 to 1,600 feet in horizontal distances of 
1,200 to 19,000 feet. The rocks on which this surfaee is 
cut are structurally complex Paleozoic argillites, quart
zites, and ca.rbonates, and an igneous stock of Mesozoic 
or early Tertiary age. In some localities the present 
stream valleys a~d ridges developed in these roeks are 
in part alined with those in the surfaee underlying the 
Oak Spring formation. 

The variations in the thickness and structure of the 
Oak Spring formation in the ·mapped area reflect the 
underlying topography. Because it was deposited on a 
highly irregular surface, the Oa.k Spring· formation 
has a range in thickness· of at least 1,200 feet. But 
although the thicker parts overlie the old hollows they 
never completely filled them; and volcanic rocks only 
partly filled the valleys and draped themselves, in 
smaller thickness, over buried ridges. The bedding in 
the basal part. of the formation is generally subparallel 
to the underlying surface. Dips of about 30° are most 
common, but locally, a-djacent to steep slopes or cliffs 
on the old surface, dips of as much as 40° were ob
served. Farther from this surface the dips ha-ve be
come progressively lower, beca-use the topographic re
lief was gradtia.Ily subdued by continued deposition, 
erosion and redistribution of volcanic material. 

Figure 120.1 shows the close relationship of primary 
anticlines and synclines to the configuration of the un
derlying surface. The mapping of the major draimtge 
a-nd contours on that surface is based on study of out
crops. The primary structural axes are taken from 
structure contours drawn on the base of a persistent 
welded tuff. 

The closeness with which the old topography is ex
pressed by the primary structures differs for the three 
different types of deposits-lacustrine and fluvial tuf
faceous sediments, ash flows, and ash falls. 

The tuffaceous sediments were. deposited in valleys 
and a.re generally in horizontal or gently dipping beds, 
depending on the slope of the underlying surface, and 
they generally form lenticular bodies. 
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In the ash flows, at least in the welded flows, ·most 
of the layering is horizontal or gently dipping. The 
initial dips measured in the welded-tuff marker unit 
(fig. 120.1) are mostly between 3° and 6° and average 
about 4°; the highest dip measured in them was 7°. 
Some tuff units in the lower part of the Oak Spring 
formation that exhibit characteristics of ash flows are 
restricted to the old valleys. These units thicken in the 
lower parts of the va.Ueys and generally have a fla.t or 
slightly concave upper surface and an uneven or con
ve.x base. They are structureless, very thick bedded, 
and poorly sorted, and in places they show a poorly 
developed columnar structure. 

The ash falls are blanketlike and conform most 
closely to the old topography. It is in these deposits 
that high primary dips are found. At one locality in 
the southwestern pa.rt of the mapped area, where both 
ash-fall and ash-flow tuffs were deposited against a 
buried hill, the primary dips about 150 feet from the 
old erosion surface are 25° in the ash fall but only 7° 
in the ash flow. 

Many other primary structures, including contorted 
strata, cross-bedding, ripple marks, erosional uncon
formities, graded bedd~ng, and faults of small offset as
sociated with slump structures, characterize parts of 
the tuffaceous sediments and the nonwelded tuffs. 
These features appear to be commonest in the deposits 
that lie in the medial parts of the old valleys or extend 
along steep slopes. Although their tota.l effect is small 
as compared with the volume of the rocks affected by 
them within the map area, they indicate that deposi
tion of tuff was locally interrupted for long enough pe
riods to permit redistribution of some material by 
slumping and by fluvial and possibly eolia.n transport. 
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121. ORIGIN OF THE AMARGOSA THRUST FAULT, DEATH VALLEY AREA, CALIFORNIA: A RESULT OF 
STRIKE-SLIP FAULTING IN TERTIARY TIME 

By HARALD DREWES, Denver, Colo. 

BLACK MOUNTAINS FAULT BLOCK 

The Black Mountains block is a lozenge-shaped struc
tural block 70 miles long and 25 miles wide just east 
of Death Valley. It is bounded on the northeast and 
southwest by faults that appear to be strike-slip faults, 
and is probably bounded on the east and west by simi
lar faults buried beneath Death Valley and Amargosa 
Valley. The strike-slip fault on the southwest (Noble 
and 'Vright, 1954, pl. 7) branches from the Garlock 
strike-slip fault where it swings southward to join the 
Soda-Avawatz strike-slip fault. 

Precambrian metamorphic and sedimentary rocks are 
unconformably overlain in this region by Paleozoic 
carbonate and clastic rocks about 4 miles thick, and 
are intruded by monzonitic stocks of Mesozoic or Ter
tiary age. These rocks are unconformably overlain 
in most places by thin continental sedimentary deposits 
and by volcanic rocks, collectively of middle and latu 
Tertiary age. The rocks a,re broken into large, tilted 
st.ructural blocks bounded, at least in part, by faults 
presumably typical of the Basin and Range province. 

Thick Quaternary deposits fill parts of the fault
controlled valleys. 

In the Black Mountains block the only Paleozoic 
rocks remaining are in small masses chaotically scat
tered between the underlying Amargosa thrust fault 
and the overlying volcanic rocks. The block also con
tains monzonitic rocks of early or middle Tertiary age 
(Drewes, 1959, p. 1500). Fanglomerate of middle 
Tertiary age, consisting of fragments eroded from the 
Black Mountains block before the extrusion of the vol
canics, lies high on the mounta..ins northeast of the 
block. At least two small basins on the block are filled 
with sediments about 2 miles thick, deposited during 
late Tertiary time. 

The block was unusually mobile during Tertiary 
time. During middle Tertiary time and before extru
sion of rhyolitic lavas, it was raised several miles and 
most of the Paleozoic rocks were removed, some to be 
deposited as the fanglomerate to the northeast. Before 
late Tertiary time the lavas were much faulted and 
tilted, and at least two parts of the block subsided to 
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form basins in which sediments several miles thick were 
deposited. One· of these basins lies adjacent to the 
fa,nglomerate to the northeast; hence displacement of 
the block was reversed. The rate of uplift of the Black 
Mountains with respect to Death Valley has increased 
from middle Tertittry to R.ecent time, judging 
from the disproportionately hu·ge displacement of the 
younger rocks, as compared with the older rocks, along 
the front fttult. Such large recurrent and reversible 
movements support the inference thttt the fttults do 
bound the block a.nd do extend benettth the adjacent 
valleys to enclose the Black :Mountains block as a large 
horse in a strike-slip fa.ult zone. 

AMARGOSA THRUST FAULT 

The Amargosa thrust fault is restricted to the Black 
Mountttins block; it is extensively exposed in the south
ern part of the block, htrgely eroded from the central 
pttrt, and either eroded awtty or buried in the northern 
part. Sedimentary rocks of younger Precambrian and 
older Paleozoic ages are chaotically broken into blocks 
hundreds to thousands of feet long, which are sepa
rttted from each other and from the underlying rocks 
by gouge sheets a few inches to a few feet thick. This 
assemblage is the Amargosa Chaos of Noble (1941). 
The blocks comprise smttll parts of many formations 
that are locally imbricated in a normal, but foreshort
ened, stratigraphic sequence (Noble, 1941, p. 966). 
The chaotic blocks are surrounded by gouge, and are 
less shattered and more heterogeneous than those in 
the megabreccias common in many younger formations 
of the region, and they are not interbedded in fanglom
ern.tes as the megabreccias are. The net displacement 
on the Amargosa thrust fault is sma.ll, for most of the 
adjacent ranges contain undisturbed Paleozoic rocks 
ot· rocks with less-broken plates between bedding-plane 
thrust faults; yet the total movement was considerable, 
judging from the many thousands of feet of missing 
strata. The Amttrgosa thrust fault is younger than 
the stocks, for unaltered Pn.leozoic rocks are thrust over 
coarse-grained monzonitic rocks, and monzonitic rock 
is included with the chaotic blocks; but it is older than 
the volcanics, for lavas lie unconformably on chaotic 
blocks, and feeders to the lttvas cut the blocks. 

Three hypotheses of the origin of the Amargosa 
thrust fault, as illustrated in figure 121.1, involve (a) a 
rooted thrust fault branching near the surface, (b) 
landsliding, and (c) jostling within a large block in 
a strike-slip fault. A rooted structure does not explain 
the areal restriction of the Amargostt fault, and the 
short distance of movement available to such a fault 
does not explain the absence of so much of the Paleozoic 
sequence. A htndslide origin fails to explttin either 
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FwunE 121.1.-Block diagrams illustrating three basic hy
potheses of the origin of the Amargosa thrust fault. A, local 
thrust fault branching near the surface. B, shingled land
slides from raised area. C, jostling within a hu·ge block in 
a recurrently shifting strike-slip fault. 

the normal stratigraphic sequence or the missing strata. 
It also fails to explain the relatively unshattered blocks 
surrounded by gouge, which differ mat;kedly from those 
in the magttbreccia deposits demonstrably of landslide 
origin. The hypothesis that I favor ascribes the Amar
gosa thrust fault to jostling within a htrge fault block 
as a result of recurrent movement on the bounding 
strike-slip fa.ults. It explains the loc~tlizn.tion of the 
fault and the fact tlutt the rocks in parts of the block 
ttre in the nonmtl stratigra.phic sequence. It also pro
vides much movement with little displacement, which 
could have ground up the missing rocks. How the 
ground-up rock was removed is not clear, but that 
process is not fully explained by the other hypotheses 
either. 

Noble and Wright (1954, p. 152) explain the origin 
of the fault by a squeezing .and arching of the Black 
l\1ounta.ins block that produced landsliding off the 
crests of the arches or possibly caused bedding-plane 
rupture along their limbs. The age of the folds, how-
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ever, is probably Precambrian, for some of the younger 
Precambrian rocks in the region are not folded. Some 
of the difficulties of the first hypothesis (a) are also 
inherent in their explanation. The explanations of
fered by Sears ( 1953, p. 182-186) and Bucher ( 1956, 
p. 1311) also involve gravity sliding plus ather modi
fications. 

IMPLICATION TO REGIONAL STRUCTURE 

The Riggs Chaos in the Silurian Hills, 40 miles 
southeast of the Amargosa Chaos, is thrust along near
ly the same horizons as the Amargosa Chaos (Kupfer, 
1960) ; it also lies adjacent to a large strike-slip fault, 
and according to Kupfer ( 1960, p. 205) it did not orig
inate by landsliding. I suspect that this is another 
structure formed by thrust faults resulting from re
current movement along a strike-slip fault. 

Bedding-plane thrust fa,ults along which younger 
rocks are moved over· older ones are common in east
ern Nevada and western Utah. Perhaps some of them 
are neither rooted thrust faults nor gravity-slid plates, 
but are formed, like the Amargosa thrust fault, as a 
rupture within blocks adjacent to recurrently and com-

plexly moving faults. Thrust faults along the same 
stratigraphic horizons on opposite sides of a·strike-slip 
fault need not have been continuous. The. amount of 
movement along thrust faults should diminish away 
from widely spaced strike-slip faults. 
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122. BEDDING-PLANE THRUST FAULTS EAST OF CONNORS PASS, SCHELL CREEK RANGE, EASTERN NEVADA 

By HARALD DREWEs, Denver, Colo. 

Connors Pass, in which U.S. Highways 6 and 93 
cross the Schell Creek Range, lies about 20 miles south
east of Ely, Nev. Geologic mapping east of the pass 
(fig. 122.1) confirms Misch and Easton's (1954) rec
ognition of thrust faults in a Paleozoic section, but it 
has le.d to a different interpretation of the stratigraphy 
and structure. Whereas Misch and Easton believed 
that an inverted Devonian and Mississippian sequence 
had overridden the Prospect Mountain quartzite and 
remnants of Cambrian limestone, I regard the overrid
ing rocks as a sequence of Ca.mbrian to Permian for
mations in normal order but tectonically thinned along · 
thrust faults that are near bedding planes. The larg
est thrust fault has cut· out all the many thousands of 
feet of rocks of Middle Ordovician to Pennsylvanian 
age, with the exception of two sma.ll blocks of Middle 
Devonian age.· 

The rocks of the lower major plate are similar to 
those in the southern part of the Snake Range, across 
Spring Valley (Drewes and Palmer, 1957). They in-

elude parts of the Prospect Mountain quartzite, Pioche 
shale, Pole Canyon limestone, Lincoln Peak formation, 
and Windfall formation-Pogonip group undifferenti
ated (essentially the Pogonip limestone of Hague). 
The Pole Canyon limestone is recrysta11ized, and near 
its top it is much sheared. It is alternately thickened 
and thinned northward by a.n overlying minor thrust 
fault that cuts its beds at varying angles. The. Lin
coin Peak formation, which provisionally includes beds 
a little younger than the youngest in the type section, 
generally consists of shale and shaly limestone with a 
few thin limestone beds, but here the shale is meta
morphosed to phyllite and slate, though the interbed
ded limestone is little cha.nged. This formation has 
commonly been correlated with the Pilot shale, of Dev
onian and Mississippian age, but it is continuous with 
less metamorphosed and abundantly fossiliferous Cam
brian shale eight miles farther north. The overlying 
thin, strongly sheared limestone is a klippe of the Po
gonip group, three units of which have. heen traced 

_). 

....... 



-r· 

GEOLOGY OF WESTERN CONTERMINOUS UNITED STATES B271 

B Pa •· IPeQCpw •••.. B' 
6800' . Tr Cpc QgCpm ~ 

/ ....--..-/~··· 
6000' .o ~.{);· ... ··:·.·: .. -··· ... · 

EXPLANATION 

[/·~-~.:,:.;.:.1 
Gravel 

Conglomerate 

~ 
Rhyolite dikes 

• Red conglomerate, sandstone, 
limestone, and shale 

Arcturus formation 

~ 
Ely limestone 

Contact 
Dashed whe1·e infe·rred, dotted 

where concea-led 

Fault 
Da.shed where infe1Ted, dotted 

whwre concea.led; o , down
th·mwn s1:de 

Marker heds 
Nwmber of dots dtstinguish 
d~[ferent ma,·rker beds in 
fo·rmations 

} 

I 

} 

Guilmette formation 

©#¥d 
Pogonip group and Windfall 
formation, undifferentiated 

~· 
Lincoln Peak formation 

m 
Pole Canyon formation 

Pioche shale 

l~t:~eB1;~::.J 
Prospect Mountain quartzite 

....J!...O 
Strike and dip of. beds 

6.£i..to 
Strike and dip of axial plane of 
small fold and plunge of axis 

~..6. .......... 

Thrust fault 
Da.shed where infe1Ted, dotted 

whe-re concealed; .mw teeth 
on wjJpe1· ]Jlnte 

0 2 MILES 
~~~~--~~------~------r 

5000 10,000 FEET 

CONTOUR INTERVAL 400 FEET 

} 

} 

FIGUim 1.22.1.-M·ap and structure sections of an area east of Connors Pass, Schell Creek Range, Nev. 

northward to fossiliferous rocks. The basal few hun
dred feet of the group, though present to the north, 
are missing here, and at the top of the group several 
thousa.nd feet of beds a.re progressively sheared out 
southwa.rd, so that south of the junction of High
ways 6 and 93 scarcely 100 feet of the group remains 
beneath the rocks of the upper ma.jor pla.te. 

The rocks of the upper major plate include much 
limy siltstone, sandstone, and limestone of the Arcturus 
:formation, together with a large wedge of Ely limestone 
and two small blocks of limestone and dolomite of the 
Guilmette formation. The Arcturus formation is 
unconformably overlain by red conglomerate inter
bedded with a little limestone and associated with black 
shale and tuff. The conglomerate contains pebbles of 

chert and quartzite foreign to the area. The Arcturus 
formation beneath the red conglomerate contains fusu
linids of W olfcamp age or slightly older; the lime
stone in the conglomerate, according to J. T. Dutro, 
Jr., contains the brachiopods Fl eteralosia sp., Phrico
dothyris .rt sp., and an aulostegid brachiopod of a new 
genus, probably of W olfcamp or Leonard age. These 
rocks closely bracket an orogenic episode that probably 
occurred in W olfcamp time. The Guilmette formation 
(Devonian) and the Ely limestone (Pennsylvanian) 
are also fossiliferous and their ages were verified locally. 

The relations between the red conglomerate and 
small patch of black shale and tuffaceous sandstone 
exposed only along the highway is uncertain; the shale 
may be surrounded by faults. Plant remains collected 
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from the shale by F. E. Digert and Neal Smith were 
identified by D. I. Axelrod as possibly of Late Creta
ceous or early Paleocene age (Van Houten, 1956, p. 
2808, and F. E. Digert, written communication). For 
the present, however, the shale is mar)ped with the Per
mian conglomerate until more, plant remains are col
lected and the local structure is clarified. 

Poorly consolidated conglomerate with locally de
rived cobbles, and tuffaceous sandstone, similar to rocks 
beneath the volcanics to the north, are probably of Ter
tiary age. The other rocks in this area, include two 
rhyolitic dikes and some younger gravels. 

Structurally, the area is chiefly characterized by 
thrust faults that nearly follow bedding planes and it 
contains a few normal faults. Most of the thrust faults 
have cut out only a few tens or a few hundreds of feet 
of beds, but one fault has cut out many thousands of 
feet. The thrust faults of large stratigraphic throw 
are generally traceable for longer distances than those 
of smaller throw. Rocks aJong the thrust faults, espe
cially the larger ones, are sheared, and locally the beds 
on both sides of the fault dip into the fault. Folds, 
commonly less than 20 feet in amplitude, are a.bundant 
in phyllitic rocks of the Lincoln Peak formation just 
northeast of the higlnvay. Their axes trend northwest
ward, and most of their axial planes dip steeply 
northeastward, or about normal to the thrust plane. 

Some of the normal faults adjacent to the red con
glomerate end at the thrust fault and are therefore 
contemporaneous with it, or older; others bend north
ward and follow a large thrust fault a few miles and 
therefore must be younger than it is. The Tertiary 
conglomerate may thus be downfaulted on a normal 

fault localized by the thrust fault. Further mapping 
of the Tertiary rocks to the northwest, which appear 
to be in similar relations to the thrust fault, may clarify 
this point. 

Since the present interpretation of the structure east 
of Connors Pass does not assume that an overturned 
stratigraphic section was thrust over the Prospect 
Mountain quartzite, it requires fewer major thrust 
faults than the concept of Misch and Easton ( 1954). 
It is consistent, moreover, with the structures mapped 
along 15 miles of the east flank of the Schell Creek 
Range, and also with those in the southern part of the 
Snake Range (Drewes, 1958). So!lle thrust faults fol
low the same weak formations in both ranges, but this 
does not make it possible to correlate individual faults 
from range to range. Neither the amount of move
ment nor the amount of displacement on any of the 
thrust faults is known; but both of these probably 
exceed the stratigraphic throw. 
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123. POSSIBLE INTERBASIN CIRCULATION OF GROUND WATER IN THE SOUTHERN PART OF THE GREAT 
BASIN 

By CHARLES B. HuNT and T. W. RoBINSON, Denver, Colo., and Water Resources Division, Menlo Pa.rk, Calif. 

Large springs on both sides of the north end of the 
Death Valley salt pan, California, have catchment areas 
that seem too small to supply the quantity of water that 
is being discharged from them. As these springs are 
on fault zones, the water may have flowed to them un
derground ttlong fault fissures that reached higher ba
sins nearby. This hypothesis is supported by geochem
ical studies of the water. "Va.ter from springs on the 
northwest side of the salt pan is chemically similar to 
that from springs on Mesquite Flat, in the next basin 
to the northwest; water from springs on the east side 
of the salt pan is like that from springs at Asl} Mead
ows, in the Amargosa Desert, Nevada, in the next 
basin to the east. This evidence is forceful because 
the water on the two sides of the salt pan is very 
different (fig. 123.1). The water on the east side is 
a bicarbonate-sulfate water high in ·calcium and 
fluoride, whereas water on the west side is chloride
sulfate water low in calcium and fluoride but con
taining some arsenic (fig. 123.2) ; and there are cor
responding differences between the 'vaters from the 
adjacent higher basins. 

The hypothesis here advanced, if it could be verified 
by tracers, would have considerable importance. If 
the water is moving for long distances along faults, it 
may be moving in open conduits through the thick 
Paleozoic carbonate formations, and therefore at much 
faster rates than ground water ordinarily does. This 
would affect estimates of water resources in the Great 

Basin and opuuons about the suitability of certain 
areas for underground storage of radioactive wastes. 

N 
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FIGURE 123.1.-Index map of the area in the vicinity of the 
Death Valley salt pan, showing location of major faults and 
springs from which samples were taken. 
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124. OBSERVATIONS OF CURRENT TILTING OF THE EARTH'S SURFACE IN THE DEATH VALLEY, CALIFORNIA, 
AREA 

By GoRDON W. Gn:~<:ENl<J a.nd CHARL:~<::s B. HuNT, Menlo Park, Calif., and Denver, Colo. 

Archeological and geological studies in Death Val
ley, Cal if., indicate tha,t the vaJley floor has been tilted 
20 feet over a distance of about 3 miles during the last 
2,000 years. The eastern shoreline of a shallow lake, 
which flooded the floor just prior to introduction of the 
bow and arrow, is now 20 feet lower than the western 
shoreline. Pa.rt of the tilt ca.u be explained by the 
presence of a recent fa.ult scarp with 10 feet of vertical 
displacement a.t the foot of the Black l\{ountains; the 
balance n.ppea.rs to be the result of slow stn·face defor
mation. 

'~Thether earth m.ovements occur in episodes, fol
lowed by relatively long periods of stability, or wheth
er the earth's stu·face is subject to slow continuous 
movement, is a funda.mentaJ problem in the study of 
e:trth mechanics and seismology. To explore this prob
lem in the Death Valley area, seven tiltmeter stations 
were established across the valley (fig. 124.1) during 
1958 and 1959. 

INSTRUMENTATION 

Each tiltmeter station consists of three machined 
brass, hubs placed in concrete upon rock outcrops. The 
hubs are positioned to form a nearly equilateral tri
angle with sides 30 to 50 m long. Hub tops are estab
lished within ±0.5 em of a level plane. The portable 
tiltmeter used in the Death Valley study was developed 
by U. S. Geological Survey personnel at the Ha.waii 
Volcano Observatory unde.r the direction of Jerry P. 
Eaton, n.nd used successfully to observe tilting of the 
ground associated with subsurface magma movement 
at I<:ilauea. 

The tiltmeter consists of two closed cylindrical water 
pots connected by two tubes. 'Vhen the pots are pa.rtly 
filled with water, one tube provides a continuous wate.r 
connection, while the second tt1be connects the vapor 
phase of each pot. A sharp point on a micrometer 
screw extends through the bottom of each pot. The 
micrometer point is viewed through a lens and adjusted 
to just touch the wa..ter stn·face. This serves to measure 
the reln.tive height of wa.ter in each pot. By reversing 
the water pots and repeating the procedure, the eleva
tion difl:'erence between the two hubs may be measured 
with an error of less than three microns. If the hubs 
a.re spaced 30 m apart a sensitivity of one part in 10 
million is realized. 

36° 36° 

1'1L TMETER STATION 05. 

FIGURE 124.1.-'--l\fap of Death Valley showing extent of old lake 
bed (broken line) that has been tilted eastward and the 
locutions of tiltmeter stations (numbered). 

Because the system is sensitive to temperature 
changes, it cannot be used where solar radiation, or 
rapid changes in air temperature, are present. There
fore, it. is necessary to use the tiltmeter at night. Best 
results are obtained with an overcast sky to reduce 
radiation losses and with a slight wind blowing to assist 
in maintaining a constant temperature in the system. 

A detailed description of the tiltmeter and how it 
is used is given by Eaton ( 1959). 

The precision of the measurements may be checked 
by adding the measured elevation differences for the 
three sides of the triangle. The closure error, which 
should be less than 10 microns for valid readings, is 
then distributed around the circuit. 

RESULTS 

There appears to be good evidence of tilting occurr
ing at the present time in the Death Valley area. The 
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TABLE 124.1.-Summary of tilting observed at selected locations in Death Valley, California 

Observed Component of tilting in 
Number of micro-radians toward-

No. Station observations 

From- To- North East 

1 Aguereberry Point _______________ May 1958 ____________ April1960 ___________ _ 5 1 36 12 
2 Trail Canyon ____________________ April1959 ____________ April196Q ___________ _ 2 1 2 
3 Trail Canyon Fan ________________ Oct. 1959 _____________ April196Q ___________ _ 2 2 -1 1 
4 East Coleman Hills _______________ Oct. 1959 _____________ April1960 ___________ _ 2 3 2 ----------5 Gower Gulch ____________________ Oct. 1959 _____________ April196Q ___________ _ 2 4 1 ----------
6 Artists Drive ____________________ Jan. 1959 _____________ April1960 ___________ _ 4 -4 -3 
7 Dantes View ______________ .. _____ Jan. 1959____ _ _ _ _ _ _ _ _ _ Oct. 1959 ____ "" _______ _ 2 -2 1 

I Maximum tilting, observed in October 1959, was 35X10-D radians northward and 25Xl0-6 radians eastward. 
2 A negative value indicates tilting toward the south or west. 
a Tilting measured in an ad it lying N 2° W. 
• Tilting measured in an adit lying N 19° E. 

amount and direction of observed tilting is different 
from one station to another, and the rate of tilting 
at a given station varies from time to time. Table 
124.1 summarizes the data from each of the seven 
stations. 

Usually the amount of tilting occurring between 
successive observations is so small as to be of the same 
order of magnitude as probable instrument error. 
However, as readings are accumulated over a longer 
period of time, the total observed tilting becomes sev
eral times larger than probable instrument errors. 

In general, geologic studies have shown that the area 
is broken into a number of distinct blocks, most of 
which have been tilted toward the east since the time 
they were formed. It is significant that the direction 
and amount of . tjlting measured thus far agree with 

the known geologic structure and movements in the 
recent geologic past. 

The structural relationships in Death Valley are very 
similar to those at Hebgen Lake, near West Yellow
stone, scene of the August 1959 earthquake. This 
earthquake resulted from faulting along one side of 
the valley and tilting of the valley floor toward the 
faulted side. The amount of displacement and tilting 
are about the same as at Death Valley. It is planned 
to apply the methods now being used in Death Valley 
to the area of Hebgen Lake. 

REFERENCE 

Eaton, J. P., 1959, A portable water-tube tiltmeter: Seismol. 
Soc. America Bull., v. 49, no. 4, p. 301-316. 

125. PLIOCENE(?) SEDIMENTS OF SALT WATER ORIGIN NEAR BLYTHE, SOUTHEASTERN CALIFORNIA 

By WARREN ·HAMILTON, Denver, Colo. 

Sediments of late Cenozoic age carrying abundant 
fossils, dominantly of marine types, occur in the south
eastern part of the Big Maria Mountains, west of the 
Colorado River and about 75 miles north of the Mexican 
border. The oldest and most widely distributed of 
these sediments are "lime caps," similar in part to the 
beachrock of tropical shores. "Lime caps" are found at 
altitudes of at least 800 feet. (The present altitude of 
the Colorado River here is about 290 feet.) They form 
the tops of many hills of pre-Tertiary rocks and encircle 
others. The caps consist of pure, hard travertine, and 

of talus, crossbedded gravel, and coquina, all firmly 
cemented by dense calcite. They contain abundant 
algae, barnacles, and pelecypods. Some of the caps are 
richly manganiferous, and contain large and possibly 
commercial quantities of soft manganese oxide inter
layered in their lower portions, particularly in valley 
bottoms and low on the hillsides. 

Unconsolidated beds of clay, silt, sand, and gravel 
overlie the "lime caps." These sediments are generally 
thin but are locally several hundred feet thick. Rem
nants of them occur as much as 650 feet above sea level. 

.,. 
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They contain abundant Foraminifera and ostracods and 
sparse pelecypods. 

The fossils were identified by ,V. P. 'Voodring, Patsy 
B. Smith, I. G. Sohn, and Richard Rezak, who believe 
that they grew either in sea water or marinelike 
brackish water. (The present Colorado River carries 
more sulfate than chloride.) 

Eith~r the Gulf of California previously extended 
into this area, or else a huge saline lake existed here. 
Such a lake might have been dammed by the rising of 
the Chocolate Mountains, 50 miles to the south, across 
the Colorado River, but if so, the mountains have since 
been lowered by subsidence as well as by erosion. 

The salt water sedimen"ts were largely buried during 
early Plei~tocene time by fan gravels and river alluvium. 

126. STRUCTURE IN THE BIG MARIA MOUNTAINS OF SOUTHEASTERN CALIFORNIA 

By vVARREN HAMILTON, Denver, Colo. 

In the a.rid Big l\in.ria l\iountains, north of Blythe 
in southeastern California, there are almost continuous 
exposures of a. sequence of thin distinctive sedimentary 
formations proba.bly of Paleozoic age. These ha.ve been 
metamorphosed and extremely deformed, probably dur
ing late l\iesozoic time. The metasedimentary rocks 
are u.nderla.in by a complex of granitic and gneissic 
rocks, over which they slid along a surface at or near 
their base. Both the metasedinl.entary and the base
ment rocks were invaded, after being metamorphosed, 
by hornblende gabbro and by leucocratic quartz mon
zonite. 

The most pervasive structures in the meta.sedimen
t·at·y rocks a.re shears a.nd isoclinal folds subparallel to 
the bedding (fig. 126.1A). The limbs of the isoclinal 
:folds are mostly between 5 and 200 feet in length, and 
the snme is true of the lenses bounded by shear planes. 
The structure is particularly well displayed in a thin 
formation consisting of marble interlayered with chert. 
The total thickness of this unit commonly ranges be
tween 50 and 100 feet, but reaches a maximum of 500 
feet; the variations are due primarily to thinning and 
th.icken ing by shear. The formation now consists of a 
pn.rn.llel bundle of isoclines and limbs of isoclines 
shea. red apart along planes nearly· pa.ra.Uel to the bed
ding; but the shears ha.ve nowhere displaced the for-

ma.tion as a whole, and it crops out as a continuous 
band for many miles. The rocks of each formation 
are isoclinally interfolded along both upper and lower 
contacts with those of the adjacent formations hut the 
zones of interfolding are generally less than 20 feet 
thick. The isoclinal folds must have been formed by 
a rolling progression of drag foldr:; due to shear along 
the bedding, so that they were isoclinal at all times. 

Superimposed upon these small-scale structures are 
some on a larger scale. Figure 126.1B illustrates com
para.tively la.rge isoclines, and 126.10 a thrust fault; 
the rocks of each formation in these structures are com
plexly deformed by bedding-plane isoclines too small 
to be shown in the drawings. Many of the thrust 
faults have themselves been folded almost isoclinally 
(fig. 126.1D). Most of the structures are directed 
northeastward; the dips are low and in a.ll directions. 

The plutonic rocks were varia.bly sheared and retro
gressively reconstituted near the decollement surface, 
a.nd were broken by thrust faults subpa.rallel to it at 
lower levels, but they are surprisingly little deformed 
and · metamorphosed in view of the complexity of 
structure in the metasedimentary rocks above. 

The latest. deformation consisted of normal faultit1g, 
which affected aU the rocks, including the intrusives. 
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A. Laminated marble sheared and folded isoclinally 
parallel to bedding 

500 FEET 

----
C. Thrust fault and drag fold 
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B. Recumbent isoclines. Stratigraphic succession is 
metachert ( oldest)-1 imest011e-dolomite 

~ Buff dolomite marble lili.iliili3 

D White calcite marble 

100 FEET 1 
r::::l ~ Metachert 

D. Folded thrust faults (heavy lines) 

FIGURE 126.1.-Field sketches of structures exposed in cliffs in the Big Maria Mountains. 

127. FOSSIL FORAMINIFERA FROM THE SOUTHEASTERN CALIFORNIA. DESERTS 

By PATSY BECKSTEAD SMITH, Menlo Park, Calif. 

Fossil Foraminifera have been found in fta,t-lying 
upper Cenozoic sediments over an extensive a .. rea of 
desert in southeastern California. At all localities 
except Panamint dry lake, the Foraminifera are asso
ciated with gastropods, barnacles, and ostracodes that 
indicate brackish water or lagoonal conditions (1V. P~ 
Woodring, written communication, 1953). 

The fossils have been found along the Colorado R.iver 
between Earp, Calif., and the Palo Verde Mountains, 
25 miles south of Blythe, at elevations of 300 to 650 

feet above sea level. They are also found in cores from 
Danby and Cadiz dry lakes (Bassett and. others, 1959), 
located 50 and 60 miles west of Earp, in southeast
trending depressions now separated from the Colorado 
R.iver by low passes. Foraminifera occur also in cores 
from Panamint dry lake (Smith and Pratt, 1957), 
which is about 200 miles northwest of Earp and is sepa
rated from the other localities by numerous high 
ranges. The foraminiferal faunas from all these locali
ties except Panamint dry lake ~~re very similar to one 

··' ., 

/'! 

. ., 
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another, and also to the lagoonal faunas of the Gulf 
of California (Bandy, 1960). The Foraminifera are 
Streblus becca'rii (Linne), Elphidium cf. E. poeyanurn 
( d'Orbigny), and a few other rare species. 

In the cores frotn Danby dry lake, whose surface is 
541 feet above sea, level, Foraminifera are found 
within two stratigraphic intervals, 396 to 439 feet, and 
648 to 845 feet. The fossil-bearing sediments are green 
chty. The specimens n re hu·ge and regular except at 
648 feet, where they are small and stunted; their relative 
abundance is as follows: 

[A=abundant, C=common, R=rarel 
Depth (feet) 

396-439 648-680 688-732 738-845 

Streblus beccarii _________ A ______ A ______ A ______ A 
Elphidimn cf. E. 

poeyamtm ____________ c ______ c ______ c ______ c 
Bolivina cf. B. brevior ____ ________________ R ____ _ 

In the cores fron:r Cadiz dry lake, whose surface is 
612 feet in elevati'on, Foraminifera are found in green 
clay at depths of 267 to 271 feet. Only Streblus bec
ca'rii is present here. 

Core Panamint 1, from Pnnamint dry lake, contains 
Foraminifera at depths of 134 to 137 feet. They are 
all of one species, El]Jhidiulm cf. E. JJoeyanurn, which is 
abundant. Specimens are large and regular. As in 
the other cores, the fossil-bearing sediments are green 
clay. 

Fossiliferous sediments are exposed in a road-cut· 
along the west side of the highway between Earp, 
California, and Parker, Arizona; they consist of 10 to 
20 feet of cross-bedded gravels and coa.rse to fine sands. 
The section a,p.penrs to be interbedded with river grav
els, but their relations are obscure. Foraminifera (S. 
beccar·ii) are abundant in the finer grained beds, bt~t 
they are dwarfed. 

SevernJ hundred feet of well-bedded fossiliferous 
clay and fine sand crop out in the Big Maria Mountains 
at elevations from a few feet to 350 feet above the pres
ent level of the. Colorado R.iver (Hnmilton, see Art. 
125). These sediments contain Foraminifera belong
ing to the following species: 

Streblus beccarii-Abundant 
Elphidiurn cf. E. poeyanum-Common 
Elphidiella sp.-R.are 

The specimens throughout the part of the section ex- c 

amined are consistently lnrge and well formed, which 
probably indicates a uniform nnd favorable environ
ment. 

A statistical study is now being made of the morpho
logical variation in Streblus beccarii from these thick 
fossiliferous sections to determine whether or not they 
indicate environmental changes. Laboratory studies 
on living S. beccarii (Bradshaw, 1957) indicate that 
the species will grow and reproduce normally in a sa
linity range of 2 to 4 percent. Lower salinities result 
in a larger number of chambers before reproduction 
(and death) ; growth and reproduction cease below a 
salinity of 0.7 percent. 

The significance and relative ages of these widely 
scattered fossiliferous sections are problematical. The 
thick fossiliferous sections of the Cadiz and Danby 
dry lakes and along the Colorado R.iver are charac
terized by quite uniform and similar faunas; they all 
might represent either a shallow marine invasion, one 
large saline lake, or several isolated saline lakes. Al
though the method of introducing these faunas into 
lakes is a serious problem, Panamint Lake could not 
have been connected with the sea at the time the fos
siliferous sediments were deposited, and the existence 
of even a limited foraminiferal fauna in this distant 
body of water forces consideration of the saline lakes 
environments. 
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128. TIME OF THE LAST DISPLACEMENT ON THE MIDDLE PART OF THE GARLOCK FAULT, CALIFORNIA 

By GEORGE I. SMITH, Menlo Park, Calif. 

Work done in cooperation with the ·California Division of llfines 

Throughout the southern half of the Searles Lake cene pluvial stage that is correlated with the Tahoe 
basin, in California, there are numerqus deposits of glacial stage of Blackwelder ( 1931) in the Sierra 
tufa. From their position within the basin, and from Nevada. In Searles Lake core L-W-D (Smith and 
their internal structures, it is evident that these de- Pratt, 1957), the sediments regarded as contemporane
posits were formed a:t or below the surface of the wate·r ous with this last period of overflow lie at a depth of 
in Searles Lake, which stood at levels as high as its about 140 feet, about 20 feet below the top of the muds 
spillway (at an elevation of 2,250 foot) in Pleistocene correlated with the Tahoe glacial deposits. A carbon
time. One of them, at an elevation of a:bout 2,200 feet, 14-date of 46,350 + 1,500 years B. P. has been obtained 
in SW14NW% sec. 12, T. 28 S., R. 43 E., rests on a on. a. sample collected from about 10 feet below the 
well-preserved north-sloping scarp, 40 feet high,. of the··. top of:these ·muds (Flint and Gale, 1958, p; 704). As 
strike-slip Garlock fault. The tufa was clearly formed ,sedimentation-rates of 1,000 years or more per foot are 
later than this scarp, and it is almost certain that the indicated for muds of this type (Flint and Gale, 1958, 
scarp was formed during the most recent displacement p. 706), the sediments deposited during the last period 
along this segment of the fault that resulted in appre- of overflow are probably at least 10,000 years older than 
ciable uplift; in this area, the Garlock fault is expressed this carbon-14 date, and may therefore be between 
physiographically by a single line of scarps and linea- 55,000 and 60,000 years old. It appears quite safe to 
ments, and it is highly improbable that the tra.Ces of · say that they are at least 50,000 years old, and that the 
sticcessive displacements on strike-slip faults would tufa described above is about the same age. 
precisely coincide. V\There the highest shore1ine crosses The above evidence contradicts the widely held be
the fault scarp, it does not appear to have· boon offset. lief, based on the existence of well-perserved scarps such 
This does not prove conclusively that there has been ·as the one ·here described, that the Garlock fault was 

. no later movement whatever on the fault here inas- active in Recent time. 
much as the angle. between the fault and the shoreline 
is too small to· allow· the detection ·of minor horizontal 

·displacements; .it does support the conclusion, how
·ever, that there has not been considerable movement 
since the shoreline and the tufa were formed. 

Surface and subsurface evidence· obtained from 
Searles Lake and related basins indicates that the lake 
has not stood as high as 2,200 feet since the time that 
immediately followed its last period of overflow; this 
overflow occurred during the latter· part of the Pleisto-
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129. WELDED TUFFS IN THE NORTHERN TOIYABE RANGE, NEVADA 

By HAROLD MASURSKY, Denver, Colo. 

Work (lone in cooperation with the Nevada Bureau of .Mines 

In central Neva.da, near the place where the north 
end of the Toiyabe Ra.nge a.buts against the Cortez and 
Shoshone Ra.nges (fig. 129.1), a thick sequence of welded 
tufrs occupies a trough about 50 miles long and 10 
miles wide. Described here is an area about 6 n1iles 
on a side at t.he east end of this trough, ma.pped by 
,James Gilluly and me in 1957-59. In this area the 
tufrs, deeply dissected a.nd well exposed, are bounded 
by high-a.ngle fn.ults on the north and south and by 
alluvium on the east and west. 

S'.rRATIG RAPHY 

The volcanic sequence, about 8,000 feet thick, consists 
of pinkish-gt'lty to light-gray vitric crystal tuff inter
bedded with water-laid tuft' with pebble conglomerates 
eroded from Pa.leozoic rocks. The sequence contains 
many lenticul1tr layered ash-flow units (a term proposed 
by R.. L. Smith, written communication) as much as 
1,200 feet thick and 2 miles long ( tahle 129.1). 

The beautifully developed vitroclastic texture, char
acterized by deformed and agglutinated glass frag
ments, demonstrn.tes that the tuft's ~tre welded, that they 
are ash flows emplaced when they were so hot that the 
glass frngments stuck together (Fenner, 1928; Mar
shn.ll, 1935). The xenoliths of chert., mostly scattered 
through the ash rather than in discrete ln.yers, indicate 
that the ash flows moved in a very turbulent fashion. 
The few interbedded layers of gravel are mainly peb
ble conglomerates with red silt matrix. The pebbles 
n.re of chert, quartzite, nrgillite, a.hd limestone from 
nearby P1tleozoic rocks. Near the northern boundary 
there are giant boulder conglomerates containing blocks 
of chert and quartzite more than 100 feet long; toward 
the center of the volcanic area the gravel beds are 
thinner n.nd finer grnined. 

The phenocryst composition together with the bulk 
chemicnJ composition shown by eight analyses, to be 
published elsewhere, match very closely Nockolds' 
( 1D54) rhyolite plus rhyolite obsidia.n. 

GEOLOGIC RELATIONS AND AGE 

The welded tufrs 1 ie unconformably on lower and 
middle Paleozoic rocks that were complexly faulted 
in late Paleozoic time (Roberts and others, 1958), and 

51577'53 0-G0--1!) 

TABLE 129.1.-Sequence of rock types in an ash-flow unit 

Lithology I 

Pale red-purple to medium-gray 
vitric crystal tuff contain
ing numerous fragments of 
white devitrified pumice. 

Pale red-purple vitric crystal 
tuff; crude layering due to 
schlieren and blebs of de
formed glass, mostly devit
rified. 

Black vitrophyre interbedded 
with medium light-gray vi
tric crystal tuff; commonly 
two vitrophyre layers. 

Pinkish-gray vitric crystal 
tuff. 

Consolirlatlon I Thickness (feet) 

Top 

Partially 
welded. 

Thoroughly 
welded. 

Thoroughly 
·welded. 

150 to 500. 

200 to 800. 

Vitrophyre 
layers 10 
to 50 each; 
total of 
unit 50 to 
200. 

Not welded_____ 0 to 20. 

Base 

1 In the unit as a whole, phenocrysts average about 25 percent; they are mainly 
sanidine and quartz, with subordinate oligoclase and a llt.tle biotite and magnetite. 
Pumice, in places devitrifled, Is scattered throughout, increasing in abundance up
ward. Pebbles or black chert and, rarely, or quartzite are scattered throughout but 
are most abundant at the base. 

into which a quartz monzonite stock was intruded in 
Tertiary time. (See fig. 129 .1.) On the west, the 
welded tuffs are partly overlapped by, and partly in 
fault contact with, a thick sequence of gravel, sand, 
fresh-water limestone, and vitric tuff that has yielded 
remains of early and late Pliocene horses (Edw~trd 
Lewis, written communication) and middle Pliocene 
snails (D. ,V. Taylor, written communicatiqn). 

Scanty fossil evidence indicates that the welded tuffs 
are of early Tertiary age. Interbedded water-laid tuffs 
have yielded scra.ps of vertebra,tes that, though of un
identifiable species, are surely Tertiary, and also Ter
tiary pollens that are Miocene or older (Estella B. 
Leopold, written communication). Regional evidence 
indicates that the tuft's are pre-Miocene, possibly Oligo
cene. As they seem to be older than the basalt 30 
miles to the northeast in the Cortez Range, whose age 
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FIGURE 129.1.-Sketch map showing geology in .the northern Toiyabe Range, Nev. 

is regarded on vertebrate fossil evidence as pre-late 
Miocene (Jerome Regnier, written communication), 
they are very likely of about the same age as similar 
rocks in easten1 Nevada that E. F. Cook (oral com
munication), on the basis of a biotite age of 37 million 
years, has dated as Oligocene. 

STRUCTURE 

The east-trending high-angle Wenban fault, which 
forms the south boundary of the volcanic area, crosses 
the Toiyabe Range and continues west across the Sho
shone Range. The Copper fault, which bounds the 
area on the north, separates the volcanic rocks from 
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the Paleozoic rocks, continues westward across the 
range, and is offset by the Crescent fault; still farther 
west~ it crosses the Shoshone Range at Wilson Pass. 
The outcrops of Paleozoic rocks at the head of Grass 
Valley, on the projected trace of the Copper fault, show 
that n. fault must be concealed there beneath the allu
vium, for the thick body of volcanics all disappears 
within a mile and a half. Gravity surveys by the Geo
logica] Survey in this place also indicate a major break. 
Since the volcanics are missing on the upthrown sides 
of both the Wenban fault and the Copper fault, the 
throw of each of these faults must have been more than 
8,000 feet. 

The Crescent fault cuts and repeats the entire vol
canic sequence, crosses Grass Valley, ·and marks. the 
northwest boundary of the Cortez Range. Gravity 
men.surements and displacement of basalt sheets in the 
Shoshone and Cortez Ranges indicate that it has 
n throw of more than 10,000 feet nlong a 60 degree 
dipping surface. The accordance of the range front 
with the Crescent fault and the many scarplets in the 
n.lluvium show thn.t this fault and a branch of it, the 
Cortez fault, are still active. 

The interbedded gravels that pinch out and become 
finer grained a.way from the faults are probably fans 
deposited at the feet of active scarps. The east-trend
ing Wenban and Copper faults thus appear to have 
bounded a linear trough, or volcano-tectonic depres
sion ('Villiams, 1941, p. 246), that was actively sinking 
during the deposition of the volcanics, probably in Oli
gocene time. 

The extreme lenticularity of the individual units in 
the welded tuff here described, and their extraordinary 
total thickness and absence from the surrounding area, 
are evidence of their having been deposited originally 
in a local basin. That is, they are not remnants of a 
formerly extensive cover preserved in a graben. Other 
deposits of welded tuff in eastern Nevada and western 
Utah (Cook, 1957; Mackin, 1960) are very thin and 
very widespread, and they must have been deposited 
in a manner analogous to flood or plateau basalts in 
contrast to the local tectonic basin fills described here. 
Much later, probably during Pliocene and Pleistocene 
time, the Crescent and Cortez faults blocked out the 
present basin ranges almost at right angles to the earlier 
fault system. 
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130. REGIONAL GRAVITY SURVEY OF PART OF THE BASIN AND RANGE PROVINCE 

By DoN R. MAnEY, Menlo Park, Calif. 

For several years the U.S. Geological Survey has 
been conducting gravity studies in the Basin and 
Range province in Utah, Nevada, and California. 
Gravity measurements have been made to determine 
.local structure in several areas where geologic ma.pping 
was going on; these surveys, however, cover only a 
small part of the total area. In the areas not covered 
by the ]ocaJ surveys, gr~tvity observations have been 
made at bench marks, a.t triangulation stations, and 
along major highways. All the gravity data collected 
by the Survey have been tied to a common datum 

through a network of base stations. This network 
is referred to four airport base stations· established by ''r oollard ( 1958). 

The da.ta thus collected have been useful in studying 
the structural geology in the basins and in parts of 
some of the mountain ranges. Over most of the region 
the dominant local Bouguer grn.vity anomalies are 
produced by the density contrast between the pre-Ter
tia.ry rocks and the generally less dense younger vol
canic and sedimentary rocks. These loca.l anomalies, 
which have amplitudes up to 60 milligals, are usually 
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located in basin areas underlain by thick accumulations 
of Tertiary rocks and vn.lley fill. They can be inter
preted in te11ns of the thickness of the low-density 
rocks and the configuration of the basins in which 
they occur. The local anomalies associated with den
sity contrasts within the pre-Tertiary rocks are gen
erally of smaJler amp] itude., but significant local 
a.nomn.lies associated with bedrock features have been 
observed. 

A know ledge of the broad regional variations in 
Bouguer anomaly values is of great use in the study 
of the large-scale varia.tions in the thickness and com
position of the crust. It is also helpful in isolating 
the local gravity anomalies superimposed on the re
gional variations. In the Basin .and Range province 
the preparation of a contour map to illustrate the re
gional gravity anomalies is complicated by numerous 
local anomalies of large amplitude. The anoma.ly 
value for an individual gravity station may not be 
even approximately representative of the anomaly 
values over an area of even a few square miles, particu
la.rly if the station is near the margin of a basin under
lain by several thousand feet of low density Cenozoic 
rocks. To prepare an anomaly map that will show the 
regional gravity anomaJies some method of a.veraging 
values or selecting stations must be used. The map in 
figure 130.1 was prepared by contouring the anomaly 
va.lues for representative stations located in the ranges. 

The regional Bouguer anomaly values range from 
about -60 milligals to -240 milligals, and show an 
inverse correlation with the regional topography. The 
highest anomaly values are at the southwest edge of 
the ma.p. IIere the anomaly values rise abruptly 
where the regional elevation decreases toward the Pa
cific Ocean. Over the western Mojave Desert, where 
the surface relief is small, the regional gravity relief 
is small. North of the western Mojave Desert the 

anomaly values decrease as the surface rises to a high 
over the Sierra Nevada and White Mountains. Rel
atively high anomaly va.lues occur in topographically 
low areas around Death Valley and the Colorado 
River. Northward from these areas the general level 
of the surface rises and the anomaly values decrease. 
In east-central Nevada the surface is higher, and the 
Bouguer anomaly values are lower than in any other 
part of the State. 

Along the west-central border of Nevada the anom
aly values decrease as the surface rises toward the 
Sierra Nevada. In northwestern Nevada the main 
gravity feature is a high, which is in the topographic 
low containing the Smoke Creek and Black Rock 
Deserts, Desert Valley, the lower Humboldt River 
valley, and the Carson Sink. Northwest of this area 
the anomaly values decrease over a topographic high
land. A strip in which gravity is low and the surface 
is high extends northward from the Ely area to the 
Idaho-N eva.da State line. East of this low trend there 
is a gravity high in the Lake Bonneville basin. East 
of the Lake Bonneville basin the anomaly values are 
lower over the Wasatch Range. 

The correlation between low Bouguer anomaly values 
and high regional topography clearly shows that there 
is a relative mass deficiency under the regional high-
lands. Although the gravity data do not indicate the 
nature of the mass deficiency, which can occur any
where within the crust or in the upper mantle, the cor
relation with topography suggests that some form of 
regional isostatic compensation exists. 
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131. MESOZOIC AGE OF ROOF PENDANTS IN WEST-CENTRAL NEVADA 

By JAMES G. MooRJ•:, Menlo Park, Calif. 

Work llone in coopm·ation with the Neva(la Bwrea1t of Mines 

In an area of roughly 3,000 square miles in the western 
Gren.t Basin, lying mainly in Lyon, Douglas, and 
Ormsby Counties, Nev. (fig. 131.1), about 430 square 
miles are underlain by Cretaceous ( ~) intrusive rocks,. 

largely granitic, related to the Sierra Nevada batholith, 
and about 180 square miles by partly metamorphosed 
rocks older than the batholith. The metamorphic rocks 
occur in irregular roof pendants and septa, which have 
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been deformed, intruded, and recrystallized by the 
granitic rocks. The rest of the area is underlain by 
Cenozoic volcanic and sedimentary deposits. The area 
is considered to be within the borders of the batholith, 
because granitic rocks are more than twice as abundant 
as the older rocks. 

In the prebatholithic sequence, metavolcanic rocks 
are somewhat more abundant than metasedimentary 
rocks, which were themselves hu·gely derived from vol
canic detritus. The metavolcanic rocks are dominantly 
meta-andesite n.nd meta-dacite, mostly in the form of 
volcanic breccia, but also include much metabasalt and 
metarhyolite. The metavolcanic rocks are interbedded 
with marine sedimenhtry rocks and are at least in part 
of submarine origin. The i·arity of pillow lavn, how
ever, and the aSsociation of volcanic rocks with gypsum 
deposits, suggest tha.t part of the volcanic rock was 
formed in a terrestrinJ or near-shore environment. 

The metasedimentary rocks originally consisted 

mainly of shale, siltstone (commonly tuffaceous), and 
limestone, but these are interbedded with sandstone, 
graywacke, dolomite, gypsum, and small amounts of 
chert. Intercalated with them, also, are conglomerate 
and sediment.:'try breccia that may have originated as 
submarine mud flows. 

In general the metasedimentary rocks underlie the 
metavolcanic rocks. This is so in the area north of 
Carson City, in the Sweetwater Range, and in the Vir
ginia City quadrangle, which lies just north of the tri
county area (Thompson, 1956, p.48). But at Yerington 
the metasedimentary rocks mostly overlie the metavol
canic rocks (Knopf, 1918, p. 13), and in all areas much 
of the sedimentary rock contains volcanic material. In 
many places, however, the stratigraphy and structure of 
these rocks are not well understood and the relations of 
the sedimentary and volcanic units are uncertain. 

Fossils have been collected from the metasedimentary 
rocks at 13 localities in the tri-county area (table 131.1 

TABLE 1:31.1.-Mesozoic fossils from Lyon, Douglas, and Ormsby Counties and adjacent areas 

No. 
on fig. Mountain range 
131. 1 

Locality 

1a Pine Nut____ Eldorado Canyon, 4 miles south
east of Dayton. Bottom of 
canyon on east side of creek, 
sec. 6, T. 15 N., R. 22 E. 

Fossils 

Monolis subcircularis 
Gab b. 

Age 

Late Triassic (late 
Norian). 

1b _____ do __________ do ________________________ Arietitid ammonites ___ Early Jurassic, prob-

2 _____ do______ Brunswick site. Ridge crest 
500 feet west of bridge across 
Carson River at site of Bruns
wick. Two miles east of New 
Empire. 

3 _- ___ do______ Sand Canyon, a southern tribu-
tary of Brunswick Canyon. 
West side of road at the 
boundary between sees. 19 
and 30, T. 15 N., R. 21 E. 

4 _____ do ______ South of Pine Nut Creek in sec. 

15, T. 12 N., R. 21 E. 

5 ----_do ___ -__ Southwest of ridge crest % mile 
west of Alpine Mill on Pine 
Nut Creek: NE~NE}~ sec. 35, 
T. 12 N., R. 21 E. 

Spherical and crescen
tic cavities suggest 
the globose ammo
nite Arcesles. 

M onotis subcircularis 
Gab b. 

ably Sinemurian 
(late early Early 
Jurassic). 

If these are not inor
gaiJiC they indicate a 
Late Triassic age. 

Late Late Triassic 
(middle or late 
Norian). 

Spiriferina_ _ _ _ _ _ _ _ _ _ _ _ Early Mesozoic, prob
ably Late Triassic. 

M onotis subcircularis 
Gab b. 

Hetarastridium sp. 
Placites sp. 
Rhabdoceras sp. 
Sandlingiles? sp. 
Halorites? sp. 
Choristoceratid. 

Late Late Triassic 
(middle or late 
Norian). 

Reference 

Gianella, 1936, p. 37. 
Identified by S. W. 
Muller. 

This report. Identified 
by N:. J. Silberling. 

Do. 

Do. 

Collected and identified 
by E. R. Larson, 
written communica 
tion, 1958. 

This report. Identified 
by N. J. Silberling. 
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TABLE 131.1.-Mesozoic fossils from Lyon, Douglas, and Ormsby Counties and adjacent areas-Continued 

No. 
on fig. Mountain range 
131. 1 

Locality Fossils Age Reference 

-------- -------------------1-------·-----l-----------l-------------

6 _____ do______ One and one-half miles west of 

7 

Albine Mill on Pine Nut Creek 
NWXNW~~ sec. 35, T. 12 N., 
R. 21 E. 

Buckskin____ Northeast part of Buckskin 
Range, near intersection of 
Churchill Canyon and road 
from Lincoln Flat: NWHNE% 
sec. 12, T. 14 N., R. 23 E. 

Sa Singatse_ _ _ _ _ Yerington district; on the south 
side of road near Malachite 
mine. Near SE~~SEX sec. 
31, T. 13 N., R. 25 E. 

Pinna sp ____________ _ 

Indeterminate pecte
noid. 

Indeterminate gastro
pods. 

Fragments of large 
concentrically ribbed 
pelecypod. 

"Pecten" aff. "P." 
valoniensis. 

Pteria sp. 
N uculid? pelecypods. 

The large pelecypods 
with concentric rib
bing indicate a 
Mesozoic age. 

Early Mesozoic_-- ___ _ 

This report. Identified 
by N. J. Silberling. 

Do. 

Daonellasp ___________ Triassic ______________ Knopf, 1918, p. 13. 
Halobia. Identified by T .. W. 

Stanton. 

8b _____ do __________ do ________________________ Halobia sp ____________ Late Triassic __________ This report. Identified 
by N. J. Silberling. 

9 _____ do ______ Ludwig mine __________________ Not specified __________ Triassic ______________ Jones, 1912, p. 400. 

10 Churchill 
Butte. 

Northeast side of butte in SEX 
sec. 3, T. 17 N., R. 24 E. 

Arietites _ _ _ _ _ _ _ _ _ _ _ _ _ _ Early Jurassic_________ Collected and identified 
by V. P. Gianella, 
written communica
tion, 1958. 

11 Sweetwater __ . Lobdel Lake district___________ Ammonite either a 
Caloceras? or a 
Arnioceras? 

_____ do _______________ Halsey,1 1953, p. 28. 
Identified by S. W. 
Muller. 

12 Sierra 
Nevada. 

Beach pebble at northern end of 
Lake Tahoe. 

Ammonoid cephalopod_ Mesozoic_____________ Larson and Gianella, 
1951. 

13 Virginia 
Range. 

North-central sec. 23, T. 18 N., 
R. 23 E. Churchill Butte 
15-minute quadrangle. 

Arietitid ammonite ____ Early Jurassic _________ Collected by V. P. 
Gianella and D.I. 
Axelrod, 1959. Iden
tified by N. J. 
Silber ling. 

1 Halsey, J. H., 1953, Geology of parts of the Bridgeport, Calif., and Wellington, Nev., quadrangles. University of California Ph. D. thesis, 498 pages. Halsey also men 
tions (p. 27) that poorly preserved ammonites and Halobia probably of Triassic age have been collected "in the hills surrounding Topaz Lake and in Risue Canyon." Both 
localities are on the west side of the Sweetwater Range. 

and fig. 131.1). During the course of recent recon
naissance mapping, 5 new fossil localities were found, 
and enlarged collections were made from 2 previously 
known localities. In addition, this note lists the fos
sils in 4 collections by oth~rs of which no descriptions 
had previously been published. All13 collections con
sist of Mesozoic fossils; in· 5 of them, the fossils are 
Triassic (mostly Late Triassic) and in 3 they are Early 
Jurassic. No Paleozoic rocks have been recognized in 
the mapped area, though the extensive faulting and 

folding of the prebatholithic rocks should have caused 
them to be exposed if they were present. 
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132. IDENTIFICATION OF THE DUNDERBERG SHALE OF LATE CAMBRIAN AGE IN THE EASTERN GREAT BASIN 

By ALLISON R. PALMER, Washington, D.C. 

Previous to 1958 the Dunderberg shale, or a sup
posedly equivnJent unit, had been identified at many 
places in the eastern half of the Great Basin where it 
had been regarded as an important regional strati
graphie marker (Palmer, 1956) . Bentley ( 1958) has 
described what he called the "Dunderberg shale" as 
occurring at many locaJities in western Utah, and has 
shown that it is a shaly westward extension of the 
'V'orm Creek qunrtzite member of the St. Charles forma
tion of the northern 'Vasatch Range. He has also 
shown that the trilobite fauna of the "Dunderberg 
shale" in western Utah is entirely that of the Elvinia 
zone. It has now been established, however, by detailed 
examination of the Dunderberg shale at its type locality 
in the Eureka district, Nevada, that trilobites of the 
Elvinia zone are confined to limestones in the upper 
50 feet of the formation. The lower 200 feet, which 
inc] udes most of the shale in the formation, contains 
abundant representatives of the Dwnderbergia zone 
(Palmer, 1960). Bentley's "Dunderberg shale," there
fore, is younger than almost all of the Dunderberg shale 
at its type locality. 

In the Eureka district the contact of the Dunderberg 
shale with the underlying IIamburg dolomite is a. zone 
of shearing (N olnn, ~ierria.m, and 'Villiams, 1956,. p. 
18), but until recently only a few feet of beds was be
lieved to be missing. New evidence now indi<;.ates that 
as rnuch as 200 to 300 feet of the lower part of the Dun
derberg shale may be faulted out at Eureka. An essen
tially unfaulted exposure of Dunderberg shale, 600 feet 
thick, has now been recognized near Cherry Creek, 
about ()5 miles northeast of Eureka. In this section the 
upper 350 feet of beds contains trilobites of both• the 
El,oinia, and D~tnderbe1·gia zones, similar to those found 
at Eureka. The lower 250 feet contains different trilo
bites, belonging to the A?Jhelas?Jis zone. Below these 
beds, and above another shaly unit containing 
Eld01·adia, there is about 1,000 feet of thick-bedded 
limestone which has not been named. As Eldo·radia 
is found in the upper beds of the Secret Canyon shale, 
which lies just beneath the I-Iamburg dolomite at 

Eureka, the unnamed limestone near Cherry Creek 
should probably be correlated with the Hamburg dolo
mite. The estimated thickness of 1,000 feet for the 
Hamburg dolomite (Nolan, Merriam, and Williams, 
1956, p. 17) is approximately the same as that of the 
unnamed limestone unit, and the thickness of the Dun
derbe'rgia zone is also about the same in the two areas. 
There is thus no indication of significant stratigraphic 
thinning between Cherry Creek and Eureka and it 
seems likely that the absence of the lower part of the 
Dunderberg at Eureka is due to faulting. 

The Hicks formation, exposed in the Deep Creek 
Range about 55 miles east of Cherry Creek, consists of 
units of interbedded shale and thin-bedded limestone 
alternating with units of medium- to thick-bedded dolo
mite (fig. 132.1). A 30-foot unit of interbedded lime
stone and shale at the top of the formation contains 
trilobites of the Elvinia zone. This unit was identified 
by Bentley as the "Dunderberg shale" a.nd separated 
from the underlying Hicks formation. A shaly unit 
in the middle of the Hicks formation, separated from 
Bentley's "Dunderberg shale" by 120 feet of dolomite, 
contains trilobites of the Dunderbergia zone in its upper 
part and trilobites of the Aphelaspis zone in its lower 
part. This unit correlates with the lower part of the 
Dunderberg shale as exposed near Cherry Creek. 
Therefore, the unit that has been called the "Dunder
berg shale" by Bentley and by those who have studied 
it at many localities in western Utah is not equivalent 
to the whole of the Dunderberg shale exposed near 
Eureka and Cherry Creek, Nev. 

The stratigraphic evidence presented above indicates 
that the name "Dunderberg shale" should no longer 
be used for a thin unit of interbedded limestones and 
shales occurring in western Utah and containing 
Elvinia zone trilobites. This unit is better named 
the Corset Spring shale. ·Bentley has pointed out cor
rectly that the Corset Spring shale, which occurs in 
the Snake Range just west of the Nevada-Utah line, 
is equivalent to his "Dunderberg shale" (Bentley, 1958, 
p. 21). 



B290 GEOLOGICAL SURVEY RESEARCH 1 9 6 0-SHORT PAPERS IN THE GEOLOGICAL SCIENCES 

EUREKA ~-- 68 MILES --~ CHERRY ...._ 55 MILES_____. DEEP CREEK 
DISTRICT, CREEK, RANGE, 
NEVADA NEVADA UTAH 

Windfall 
fonnation rv" '';. ",. -~ .A -"' 

T 
..A.. n. 
I' .. Chokecherry dolomite 

Dunderberg 
shale 

Hamburg 
dolomite 

.? 

-

Dunderbergia zope 

Aphelaspis zone 

?--------- -

... 

I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
l 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I . Elvinia zone 
• . . . 
• • • Dunderbergia zone 

• I 
• • • • 

• • • • Aphelaspis zone 

• 
• • 

I 

I 

I 

I 

1 

I 

I 

I 

I 

I •.. 

I L ·-------
I I 

I I 
---~ 

Corset Spring shale 

L 
• 

• 
Hicks fonnation 

• 
I I 

I I 
I I 

I 
I I 

I 
• 

I I 
I I 
I I Lamb dolomite 

I I 
I I 
I I 
I I 

I 
I I 

_/ 
I I 

I 
I / 

I 
• Trippe limestone 

'I"V" • v 

r:oo 
Secret Canyon 

shale 'iiiii'WW' 1711Vv-rfJ 
[200 FEET 

• Fossil collection 

FIGURE 132.1.-Correlation of lower parts of Upper Cambrian sections at Eureka and Cherry Creek, Nev., and in the Deep 
Creek Range, U tab. 

REFERENCES 

Bentley,_ C. B., 1958, Upper Cambrian stratigraphy of western 
Utah: Brigham Young Univ. Research Studies, Geol. Ser., 
v. 5, no. 6, 70 p., 5 pl., 7 fig. 

Nolan, T. B., Merriam, C. W., and Williams, J. S., 1956, The 
stratigraphic section in the vicinity of Eureka, Nevada: 
U.S. Geol. Survey Prof. Paper 276, 77 p. 

Palmer, A. R., 1956, The Cambrian system of the Great Basin 
in western United States: in El Sistema Cambrico, su paleo
geografia y el problema de su base, XX lnternat. Geol. Con
gress symposium, v. 2, part 2, p. 663-681. 

--1960, Trilobites of the Upper Cambrian Dunderberg shale, 
Eureka district, Nevada: U.S. Geol .. Survey Prof. Paper 
334-C, p. 53-109. 

.· 



GEOLOGY OF VVESTERN CONTERMINOUS UNITED STATES B291 

133. INTRUSIVE ROCKS OF PERMIAN AND TRIASSIC AGE IN THE HUMBOLDT RANGE, NEVADA 

By RoBERT E. WALLACE, DoNALD B. TATLOCK, and NoRMAN J. SILBERLING, Menlo Park, Calif. 

Work done in cooperaUon 'With the Nevada Bttreau of Mines 

Numerous bodies of rhyolite porphyry and leuco
gra.nite in the flumboldt Range, Nev. (fig. 133.1) have 
been found to represent feeders for, or intrusive rela
tives of, the volcanic rocks of the 1\:oipato group, which 
are of Perm inn ( ~) nnd Triassic age. This relation
ship had not previously been recognized, although the 
volcanic rocks of the 1\:oipnto group had long been 
known (1\:ing, 1878, p. 270; 1\:nopf, 1924, p. 13). 

Volcanic rocks of the J(oipato group having a total 
thickness of more than 12,000 feet are exposed in the 
I:Iumboldt Range. They are divisible into three units. 
The oldest unit of Permian ( ? ) and Early Triassic ( ? ) 
a.ge is the Limerick greenstone (Limerick keratophyre 
of Jenney, 1935, p. 19), the exposed part of which con
sists of nbout 4,000 feet of greenstone; this grades up
ward into a heterogeneous assortment of tuffs, brec
cias, and flows of the Rochester rhyolite (Rochester 
trachyte of J(nopf, 1924, p. 14) of Permian(?) and 
Early Triassic ( ~) age. The uppermost unit of Per
mian(~) and Early Triassic age, the Weaver rhyolite 
(J(nopf, 1924, p. 26), is characterized by flows of por-
phyritic rhyolite and of felsite, and by rhyolitic tuffs. 

N umet:ous dikes, sills, and stocks of leucogranite, 
rhyolite porphyry, and quartz monzonite were intruded 
into this thick pile of extrusive rocks. The quartz 
monzonite, which cuts Triassic rocks and is probably 
of late Mesozoic or Tertiary age, is not included in the 
following discussion. 

The leucogranite is a fine- to medium-grained, light
colored granite containing quartz and both potassic and 
sodic feldspars; it contains very little mafic minerals 
and much tourmaline. Much of this rock could appro
priately be termed aplite.· Stocks of leucogranite, one 
of which underlies an area of more than four square 
miles, are exposed near the axes of major anticlines. 
Some of these cut the lower part of the Koipato group, 
but none· is known to have penetrated as high as the 
Weaver rhyolite. 

The rhyolite porphyry contains small ( < 2 mm) 
phenocrysts of quartz and larger ( 1 to 5 mm.) pheno
crysts of !(-feldspar, embedded in a vitreous-appearing 
groundmass so fine grained that much of it can hardly 
be resolved under the microscope. Rhyolite porphyry 
dikes intrude the leucogranite as well as all units of 

the Koipato group below the Weaver rhyolite. Some 
irregular swarms of dikes and sills of porphyry are 
clustered near the stocks of leucogranite, and a group 
of large elongate stocks of rhyolite porphyry, one of 
them over a mile long and nearly half a mile wide, 
are distributed in a belt along the east side of the Hum
boldt Ra.nge. 

The Weaver rhyolite appears to be genetically re
lated to both the rhyolite porphyry and the leucogran
ite; the rhyolite porphyry bodies probably represent, 
in part, direct feeders for the Weaver rhyolite, but the 
leucogranite is less closely related to the rhyolite. 
Chemical, microscopic, and X-ray analyses of the Wea
ver rhyolite and the intrusive rhyolite porphyry are so 
similar as to be almost indistinguishable. In many 
places only field relations, such as cross-cutting con
tacts or the presence of tuffs interbedded with the rhyo
lite, enable one to distinguish between intrusive and 
volcanic rocks. Although the rhyolite porphyry cuts 
the Koipato group, it has nowhere been found to cut 
the rocks of the Star Peak group, which is of Middle 
and Late Triassic age and overlies the J(oipato group 
with slight angular unconformity. At a few places, in
deed, field relations suggest that rocks <'-£ the Star Peak 
group overlie the rhyolite porphyry in sedimentary con
tact. The largest rhyolite porphyry stock, about a mile 
and a half southwest of Unionville, is in contact with 
rocks of the Star Peak group, but all the contacts be
tween the two units are believed to be faults. 

Two samples of rhyolite porphyry from the stock 
southwest of Unionville gave lead-alpha ages of 230 
±40 and 290+45 million years (Thomas W. Stern, 
1960, written communieation). This, according to 
1\:ulp, would indicate t~1at the porphyry is of late Paleo
zoic age, for he has estimated on the basis of isotopic 
age measurements, that the Mesozoic era began 220 
million years ago (Kulp, 1959, p. 1634). Early Early 
Triassic ammonoids are found in tuffs immediately 
overlying, or perhaps in part interbedded with, the 
Weaver rhyolite, and one specimen of "11 elicoprion" 
reported from the Rochester by Wheeler (1939, p. 109) 
is probably pre-Mesozoic (David H. Dunkle, 1957, writ
ten communication) . The lead-alpha ages obtained for 
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FIGURE 133.1.-Geologic map of a part of the Humboldt Range, Nev. 

the rhyolite porphyry thus appear to be consistent with 
the paleontologic evidence for the ages of the Weaver 
and Rochester rhyolites. 

Although the rhyolite porphyry cuts the leucogran
ite, contacts between the two are in places clearly grada
tional, as though the leucogranite had not been 
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cornpletely solidified when the rhyolite porphyry dikes 
were intruded. The leucogranite cuts the Rochester 
rhyolite, but does not extend high enough into the 
pile of volcanic rocks to reach the 'Ven.ver rhyolite. 
The time of mobilization of the leucogranite must there
fore have been only slightly ea.rlier than, or even partly 
contemporaneous with, the mobilization of the rhyolite 
porphyry and its extrusive eqiuvaJent, the 'Veaver 
rhyolite. Since the rhyolite, the rhyolite porphyry, 
and the leucogranite are so nearly of the sa.me age a,nd 
so much n.like in chemica.] and mineralogic composition, 
they are probably differentiates of the sa.me magma. 

This evidence, taken as n. whole, shows t.lutt both the 

leucogranite and rhyolite porphyry bodies must have 
been emplaced very near the beginning of the l\1esozoic 
era. 
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134. REGIONAL SIGN/IFICANCE OF SOME LACUSTRINE LIMESTONES IN LINCOLN COUNTY, NEVADA, RECENTLY 
DATED AS MIOCENE 

By CnARLJ<~S M. TscHANZ, l\{enlo Pa.rk, Calif. 

Uecent independent fossil and radioactive dating of 
lacust•·i ne limestones from many widely sepa.rated lo
calities in Lincoln and Chtrk Counties, Nev., has clari
fied certain strn.tigraphic rela.tionships, and has conse
quently a.dvtwced the understa.nding of the structural 
history of southeastm11 Neva.da. a.nd southwesten1 Utah. 
These limestones have a.ll been assigned a l\{iocene 
age, chiefly on the basis of po11en studies, but a lacus
trine limestone unit in the Horse Spring forma.tion, 
which was previously thought to be Cretaceous or early 
Tertiary, has now been assigned to the l\1iocene on the 
basis of a. potassium-argon (K-Ar) date of biotite from 
;tn interbedded tuff. Similar] imest.ones of Miocene(?) 
age occur in the Oak Spring formation, which crops 
out in Nye County, Nev., and in southweste111 Uta.h. 

Lacustrine limestone from nine ]ocaJities (fig. 184.1) 
wa.s studied by G. 0. ,V. J(rernp, who identified 31 pol
leno species in six samples that also contain abundant 
algal fragments and some fungispores. A complete list 
of these fossils will be published in a subsequent report. 
Five samples from Lincoln County (1-5) were dated 
as l\{iocene or possibly younger by Oom~JJO'sita.e pollen. 
Samples H, 8, and 9 did not contain pollen, and 
sample 7 conta.ined only 2 grains of pollen of possible 
l\{iocene(?) age. G. 0. ''r· J(remp ( 1960, written eom
mun icat.ions) says: 

'l~he pollen nssocintion found in the [first] four samples is prac
tically the same. The 'flora shows a dominance of pine-like 
pollen • • • nssociu ted with other coniferous pollen "' • • 

'l.'he relative high frequency of Omn1JOS-ita.e pollen is remark
able. * * * pollen of the Cmnposita.c appear first in sediments 
of late Oligocene age ; these pollen become common in the 
Rocky Mountain area beginning with Miocene. This would 
date your samples as Miocene or possibly younger. * • • 
only very few of the 31 species * * "' are identical with the 
upper Oligocene pollen and spore from the l!"'lorissant lake beds, 
Colorado. 'l.,his * * • makes me somewhat more confident 
about my Miocene age determination * "' *. 

The pol1en-bearing limestone in Lincoln County is 
correlated with limestone of the Horse Spring forma
tion in Clark County, which is interbedded with tuff 
containing biotite that was determined to have a J(-Ar 
age 'of less than e24· million years (middle Miocene) 
(G. H. Curtis and .J. F. Everden, K-Ar laboratory, 
University of California, as ora11y reported to Dr. 
C. R. Longwell). Pollen was not found in the lime
stone near the .tuff (sample 9). The Horse Spring 
formation was previously assigned to the Cretaceous 
or early Tertiary on the basis of plants, ostracods, and 
snails, which, however, were too poorly preserved to be 
identified generica.lly. 

The upper part of the basal limestone of the Oak 
Spring forma·tion in Nye County (locality A, fig. 134.1) 
contains a fossil fish, F1.und1.tl'l.t8, that according to l\iiller 
( 1955) is restricted to the Pliocene and Quaternary 
(David Dunkle, 1956, written communication). The 
fish occurs 150 feet above the base of the exposed 
sequence (A. B. Gibbons, 1958, written communication). 
The lower part of this limestone, however, is simila.r 

• 
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to Miocene limestone in Lincoln County and contains 
poorly preserved gastropods which Teng Chien Yen 
has dated as late Tertiary, possibly Miocene, (Johnson 
und Hibbard, 1957, p. 369). This suggests that the 
1 imestone of the Oak Spring may be partly Miocene and 
partly Pliocene, and that the lower part is correlative 
with the widespread Miocene limestone in Lincoln and 
Clark Counties. 

The Miocene limestones in Nevada are equivalent to 
lacustrine limestone and conglomerate near the base of 
the Rencher and the overlying Grass Valley formation 
of Cook (1957, p. 16) in the Pine Valley Mountains, 
Utah. These formations overlie the Quichapa forma
tion of Mackin (1960), whose lowest member has a 
lead-alpha age of 28 million years (early Miocene) 
(Mackin, 1960, p. 98). This· member in turn lies on 
lacustrine limestone of the Claron formation. Cook 
correlates a biotite ignimbrite unit, part of the Needles 
Range forn1ation of Mackin ( 1960, p. 100-102), inter
bedded witl~ limestone in the upper part of the Claron, 
with one in the Grant Range, Nev., which has a K-A 
age of 34 million years (middle Oligocene) (Winfrey, 
1958, p. 77-82). These facts indicate that the lacu
strine limestone near the top of the Claron is Oligo
cene or earliest Miocene, instead of Eocene as formerly 
believed. 

All the lacustrine limestones discussed here were de
posited in local basins on an extensive land surface of 
low relief that formed during a long period of erosion 
following Laramide orogeny. These limestones lie un
conformably on truncated folds or thrust faults in pre
,Jurnssic rocks, or on thick orogenic clastic rocks com-

posed chiefly of well-rounded pebbles of Paleozoic 
rocks. These clastic rocks include the conglomerate 
in the lower Claron and Wasatch formations, the Over
ton fanglomerate, and an unnamed conglomerate in 
southwest Lincoln County (fig.134.1). They may range 
in age from Late Cretaceous to Oligocene. In a few 
places the limestone rests on volcanic rocks. 

The limestones are generally overlain by thick vol
canic rocks of Miocene and Pliocene age. After the 
volcanic activity had almost ceased, basin-and-range 
faulting occurred, most of it in late Miocene and Early 
Pliocene time. 

It is ~conomically important to distinguish the Mio
cene lacustrine rocks discussed in the paper from the 
similar rocks of Eocene age. The borate deposits for
merly mined from the Hors·e Spring formation, in Clark 
County, occur, like the other major borate deposits in 
California and Nevada, in Miocene or younger rocks, 
whereas the similar Eocene rocks, such as the Sheep 
Pass formation of Winfrey (fig. 134.1), contain 
petroleum. 
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135. EVIDENCE IN THE SNAKE RIVER PLAIN, IDAHO, OF A CATASTROPHIC FLOOD FROM PLEISTOCENE LAKE 
BONNEVILLE 

By HAROLD E. MALDE, Denver, Colo. 

'Vhen G. J(. Gilbert discovered that L~tke Bonneville 
had overflowed 1tt Red Rock Pass, near Preston, Idaho, 
and lutd rapidly discharged a vast amount of water 
northward into the Snake River, he looked downstream 
for effects of the sudden outflow. Near McCammon, 
22 miles downstream from Red Rock Pass, he found 
(1890, p. 177) a lava flow whose upper surf~tee "is 
fluted and polished, ~tnd pitted with pot-holes after 
the ma.nner of a riverbed." The present paper is a 

summary of the effects of the Lake Bonneville outflow 
found farther downstream along the Snake River. 

The Lake Bonneville outflow from Red Rock Pass 
joined the Portneuf River valley near McCammon and 
flowed northwestward to the Snake River Plain at 
Pocatello. At the mouth of the Portneuf River, in the 
area known as Michaud Flats, the overflow deposited 
a fan-shaped body of gravel about 50 feet thick whose 
upper surface is diversified by ridges ~tS much as 20 
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feet high and a mile long and by irregular closed 
depressions of simila.r dimensions. Dissected remnants 
of the gravel extend 20 miles southwestward, almost to 
American Falls. Current studies by D. E. Trimble 
and vV .• J. Carr, U.S. Geological Survey, show that 
the gravel was deposited in a shallow lake that was 
impounded by a lava dam a few miles downstream 
from American Falls (see also Stearns and Isotoff, 
1956, p. 27-28). A rapid downstream decrease in the 
coarseness of the gravel supports this {nterpretation. 
Boulders as much as 8 feet in diameter are ahundant 
at Pocatello, but the gravel10 miles southwest contains 
nothing larger than small pebbles, and at Aberdeen, 20 
miles west of Pocatello, equivalent deposits near the 
opposite shore of the former lake consist only of sand 
a,nd silt. 

Spectacular erosion across the lava dam downstream 
from American Falls is attributed by Trimble and Carr 
to the Lake Bonneville outflow. Southwest of Ameri
can Falls, on the upland northwest of the Snake River 
canyon, there is a strip of scabland 10 miles long and 
1 to 4 miles broad, which was a spillway from the 
former lake. It is bounded downstream by abandoned 
cataracts, one of which is at the head of Lake Channel, 
a vertical-walled coulee 6 miles long, half a mile broad, 
and 100 feet deep (see map in Stearns and others, 1938, 
pl. 6). Other abandoned cataracts at the heads of al
coves and channels demonstrate that 8 miles of the 
Snake River canyon in this reach was formed by cata
ract recession. At the n1ouths of the alcoves and chan
nels are gravel bars that contain basalt boulders as 
much as 20 feet in diameter. 

Erosion by Lake Bonneville outflow took place on a 
grand scale near Twin Falls, where the Snake River 
canyon is half a mile wide, 40 miles long, and as much 
as 500 feet deep. H. A. Powers, of the lJ.S. Geological 
Survey, has shown that at least 24 miles of this canyon 
was cut by cataract recession contemporaneous with 
deposition of boulder gravel, most of which accumu
lated farther downstream. The northern canyon wall 
near Twin Falls is indented by a series of large cataract 
alcoves th~t probably represent successive stages of 
canyon recession; the three most conspicuous are known 
as Blue Lake alcove, Devils Corral, and Devils '\Vash
bowl. (See map in Stearns and others, 1938, pl. 5.) 
These cataracts were thought by Russell ( 1902, p. 127-
130) and Stearns (1936) to have been formed by 
springs,· but they, like the alcoves and side channels 
near Ai11erican Falls, resemble the abandoned cataracts 
in the channeled scabland of eastern Washington (Bretz 
and others, 1956). Deposits of boulder gravel dating 
from the period when canyon cutting was in progress 
near Twin Falls form bars more than 100 feet high 

on the canyon floor. Deposits containing boulders as 
much as 5 feet in diameter can be seen on the upland 
north of the canyon along State Highway 25 about 11 
miles east-northeast of Twin Fa:.Ils, and along U.S. 
Highway 93 about 5 miles north of T·win Falls. 

Boulder gravel is especially abundant within the 
Snake River canyon along a stretch beginning 20 miles 
downstrea.m from Twin Fa1ls and extending nearly to 
the Oregon State line. The gravel displays various 
features that indica.te deposition in rapidly moving 
deep water. The boulders average 3 feet in diameter, 
and some are as much as 10 feet in diameter. The 
gravel occurs mainly in wide segments of the canyon, 
where it forms huge bars and boulder terraces that 
partly fill the canyon to a depth as great as 300 feet. 
The gravel bars block the mouths of tributary valleys, 
and at most places they are separated from the can
yon walls by marginal troughs as much as 150 feet 
deep. Because the boulder gravel commonly occurs 
downstream from basalt outcrops, Stearns ( 1936, p. 
4:41-442) mistakenly attributed the boulders to erosion 
at the toes of successive intra.ca.nyon lava flows, not 
realizing that all the boulder deposits are contempo
raneous and that their source rocks are mostly older 
than the present canyon. 

Backwater deposits in tributary valleys, together 
with internal features of the boulder gra.vel, indicate 
that the gravel was deposited in temporary htkes up
stream from canyon constrictions. The gravel varies 
in texture but consists mainly of boulders and sand, 
both derived almost entirely from the local basalt. Al
though the boulders a.re ordinarily distributed at ran
dom, some lie in inclined la.yers, alternating with lay
ers of sand. The inclined layers resemble deltaic fore
set beds arranged in courses as much as 50 feet thick 
between horizontal crossbeds. Such bedding indicates 
deposition in ponded water. The surfaces of the gravel 
bars and terraces ttre conspicuously strewn with lag 
boulders that seem to indicttte reworking durii{g sub
sidence of the ponded water. In all these respects, the 
boulder gravel of the Snake River canyon is similar 
to the gravel bars in the cha.nneled scabland of east
ern '\Vashington (Bretz a.nd others, 1956), and like the 
scabland ba.rs it can be accounted for by the passage 
of a catastrophic flood. 
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136. ALKALIC LA VA FLOW, WITH FLUIDITY 0 F BASALT, IN THE SNAKE RIVER PLAIN, IDAHO 

By HowARD A. PowERS, Denver, Colo. 

Fine-grained alkalic lava of middle Pleistocene age 
occupies an area. about 10 miles long and 1 mile wide 
near ICing flill, Idaho. Three separate sheets of the 
molten rock, each less than 30 feet thick, flowed down 
1t gentle slope, the gradient of which decreases from 
80 feet per mile to 25 feet per mile. The distribution 
and thickness of the flow units indicate that the fluid 
ln.va had n,s great mobility as that of the conunon basalt 
in the area,, which contains labradorite plagioclase. 

The upper parts of the flow units are black and are 
aphanitic to glassy; their vesicular texture resembles 
that of Swiss cheese. The internal and basal parts are 
holocrystalline but very fine grained. Olivine and 
pln.gioclase ttre the only minerals visible in the hand 
sample, mostly as microphenocrysts less than 1 min in 
greatest dimension. Rare tablets of plagioclase, only 
a. millimeter thick but as much as 2 em long by 2 em 
wide; are characteristic of one flow unit. 

The microscopic texture is dominated by stubby tab
lets of plagioclase, commonly in jackstraw pattern, but 
loca.lly oriented in flow pattern. Interstitial spaces are 
occupied by euhedral to subhedral crystals of clino
pyroxene, olivine, magnetite, ilmenite, and apatite, and 
by pa.tches of ai1hedraJ alkali feldspar. The plagio
clase is sodic andesine, a.bout An3 5. The olivine ranges 
from Fo4n to Fo2 ;; as determined by powder X-ray dif
fraction patte111 (Yoder and Sahama, 1957, p. 484). 
The clinopyroxene is iron rich and l)robably also tita
nium rich because there is not enough visible ilmenite to 
account for all of the TiO:! found by chemical analysis. 

The rock is too fine grained for modal analysis, but 
. the computed norm has been adjusted to approximate 

the mineral content, as shown in the table below. Some 
a.b was combined with the O'l' in 01thoclase, and most 
of the TiO:! was allotted to pyroxene. The olivine was 
computed to agree with the composition indicated by 
X-ra.y 1tnaJysis. 

Lava of the composition shown by these analyses 
does not fn,ll ~vithin the range of basalt adopted by 

5-57753 0-60--20 

TABLE 136.1.-Chemical a1Hl (tppromimate mineral cornposition 
of lava near King Hill, Irlaho, as rletermAned from five 
analyses 

[D. F. Powers, U.S. Geological Survey, analyst] 

Results of 5 analyses 

Aver- Range Norm 
age 

Si02----------------- 49.45 47.17-51.23 Q . 15 
AhOL ______________ 13. i1 13.34-14.45 or 14.7 
'l'i02----------------- ~- 32 4. 15- 2. 90 ab 28.8 
Fe20~-----·---------- ~.07 an 14.6 

15.45-13. 27 
FeO 11.28 wo4.1 

MnO .. ~------------- . 22 . 24- .20 fs 13.2 
MgO ________________ 3. 68 4. 42- ~- 33 en 9. 2 
CaO.~--------------- 6. 77 . 7. 68- 6. 36 il fl. 2 
N1120 ________________ 3.39 3.18- 3. 54 mt 4. 4 
K20----------------- 2.43 2.0o- 2. 60 ap 3. 4 
P20s _________________ I. 40 2.05- . 90 
H2o _________________ .80 .41- 1.00 

Approximate mineral 
composition 

Alkali feldspar Hi 
Plagioclase Anss 42 

Clinopyroxene :JI 

Olivine 

Ilmenite . .'i 

Magnetite 4. 4 
Apatite :!. 4 

Green and Polderva.a.tt ( 1955), because it is too low in 
lime and magnesia, and too high in pota.ssia a,nd phos
phate. Nor does the composition match that of any 
igneous rock average in the compilation of Nockolds 
( 1954). The r~ttio of lime to alkalies in the ICing Hill 
Rock approximates that of Nockolds' average alkali 
doreite, but the ICing Hill rock is lower in total feld
spar, and highe1· in iron, tita.nia, and phosplutte. In 
content of silica and alumina., the IGng Hill rock com
pa .. res reasona .. bly with the average alkali andesite. It 
is significantly higher than average alkali andesite, 
however, in titania, total iron, potassia and phosphate 
and it is much lower in magnesia and lime. 

REFERENCES 

Green, Jack, and Poldervaart, Arie, 1955, Some basaltic prov
inces: Geochim. et Cosmochim. Acta, v. 7, p. 177-188. 

Nockolds, S. R., 1954, Chemical compositions of igneous rock~: 
Geol. Soc. America Bull., v. 65, no. 10, p. 1007-1032. 

Yoder, H. S., Jr., and Sahama, Th. G., 1957, Olivine X-ray deter
minative curve: Am. Mineralogist, v. 42, p. 475-491. 



B298 GEOLOGICAL SURVEY RESEARCH 1960-SHORT PAPERS IN THE GEOLOGICAL SCIENCES 

137. A DISTINCTIVE CHEMICAL CHARACI'ERISTIC OF SNAKE RIVER BASALTS OF IDAHO 

By HowARD A. PowERS, Denver, Colo. 

The basaltic rocks, of Pliocene to Recent age, from 
the Snake River valley in southern Idaho are shown 
by chemical analyses to have a high degree of consan
guinity. These basalts may constitute a clan in the 
sense proposed by Tyrrell (1926, p. 136)-that is a 
group of rocks with the highest degree of consanguin-

. ity within a kindred .. 
Preliminary comparisons have shown, also, that the 

Snake River basalts differ significantly from other 
basalts of the northwestern United States. One promi
nent difference is portrayed in figure 137.1, a three
component plot of the ratios between silica, magnesia, 
and total iron plus manganese in chemical analyses. 
The diagram shows these ratios for all available analy
ses of Snake River basalts (except one of a nepheline 
basalt and a few that contain less than four percent 
by weight of magnesia) together with all the available 
analyses of Columbia River basalts, as compiled by 
A. C. Waters ( 1960). To represent the basalts of the 
Cascades, two sample groups of analyses containing 
more than three percent magnesia were arbitrarily 
chosen; one sample group was from near Mount Lassen 
and the other from near Mount Hood. 

The rocks from the Snake River valley are all lower 
in silica than those from other areas. In the Snake 
River clan, moreover, the silica generally decreases as· 
the ratio of iron to magnesia increases, whereas the 
opposite is true of the other rocks. The reasons for 
these and other differences may become apparent ·as 
more data are accumulated. 

100 Si02 EXPLANATION 

• 
Snake River basalt 

~ 0 

~ Columbia River basalt 

"' 90 
Basalt of 

Cascade Range 

l!"'IGURE 137.1.-Ratios between Si02, MgO, and total iron plus 
manganese in some basalts of the northwestern United States. 
Data plotted are weight percent of Si02, MgO, and sum of 
Fe0+0.9Fe20a+MnO computed to 100 percent. 
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138. AGE AND CORRELATION OF SOME UNNAMED VOLCANIC ROCKS IN SOUTH-CENTRAL OREGON 

By GEoRGE W. WALKER, Menlo Park, Ca1if. 

Fragmentary collections of ~ertebrate fossils from 
several newly discovered localities in southeastern Lake 
County, Oreg., (fig. 138.1) indicate that the enclosing 
rocks are of approximately the same age as certain 
Miocene volcanic rocks of central Oregon and adjacent 
parts of Nevada and California. 

The fossils, consisting principally of bone fragments 
and teeth that have weathered out of tuffaceous beds, 
apparently represent a single fauna including M ery
chippus, Camelidae, Dromomeryw sp. (tentative identi
fications by G. E. Lewis, 1959), and other mammalian 
genera. According to Lewis, this fauna is comparable 
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to that of the ~Iascall formation .of Grant, Crook, and 
.Jefferson Counties, Oreg., (Downs, 1956) ; it also re
sembles the mammalian faunas from Beatty and Corral 
Buttes, Oregon ("Vallace, 1946), and Virgin Valley, 
Nevada (Merriam, 1910), all of which are considered to 
be of late middle to early late Miocene age. 

Andesitic and rhyodacitic volcanic rocks of compara
ble age, mapped by Russell ( 1928) as the upper part of 
the Cedarville series, are exposed in northeastern Cali
fornia and n<;>rthwestern Nevada.. The age assignment 
of these rocks and their correlation with the Mascall 
formation is based on studies of fossil floras by Chaney 
(in Russell, 1928) and LaMotte ( 1936). 

The vertebrnte-bearing strata of southeastern Lake 
County are in a sec.tion several hundred feet thick 

largely composed of fine-grained poorly bedded silicic 
tuff and tuffaceous sedimentary rocks that range in 
color from pale yellowish-orange to tan, yellow, and 
light gray. These strata were probably deposited for 
the most part on dry land, but to a minor extent in 
shallow lakes. Near major volcanic centers of south
central Oregon some of the fine-grained tuffaceous rocks 
grade laterally into coarse pumice lapilli tuffs, and 
interstratified layers of sintered or welded tuff become 
more abundant. These pyroclastic rocks rest with an
gular discordance on an extensive series of basalt flows 
locally more than 1,000 feet thick. Flows near the 
top of the series consist of ophitic to subophitic dikty
taxitic, locally olivine-bearing, basalt that contains little 
mafic glass; in some of these flows pla.gioclase pheno-
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crysts are abundant. These flows are fresh; the con
stituent minerals reveal only slight evidence of altera
tion. Other flows, chiefly in the lower part of the 
basalt series, contain altered phenocrystic and ground
mass olivine, altered mafic glass, arid zeolites. Dustlike 
grains of hematite appear on plagioclase cleavage sur
faces and surfaces of discontinuity between crystals. 
Beneath the basalts are silicic pyroclastic rocks litho
logically similar to, and probably correlative with, py
roclasti.c rocks exposed several teris of miles to the west; 
the latter have been dated as of lower Miocene or John 
Day a.ge on the basis of a Diceratherium tooth, or pos
sibly of middle Miocene (Hemingfordian) age on the 
basis of fossil plants collected from the same beds that 
contained the tooth (Peterson, 1959). These rocks in 
turn are underlain discordantly, south and southeast of 
Paisley, by andesitic volcanic rocks presumably of pre-. 
Miocene age. 

The general sequence of Miocene and older volcanic 
rocks in southern Lake County is similar to that which 
comprises the Clarno, John Day, Columbia River, and 
Mascall formations of central Oregon, but differs from 
it in some details, particularly in the mineralogy and 
physical characteristics of the mafic flow units. The 
late middle to early late Miocene silicic tuff and tuf-

faceous sedimentary rocks of southeastern Lake County 
are roughly similar in bulk lithology to rocks of com
parable age in Virgin Valley, Nev. Although both 
these units are apparently of the same age as the upper 
part of the Cedarville series, exposed in northeastern 
California and northwestern Nevada, similarities in 
bulk lithology between the two sections are not obvious. 
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139. UPPER TRIASSIC GRAYWACKES AND ASSOCIATED ROCKS IN THE ALDRICH MOUNTAINS, OREGON 

By T. P. THAYER and C. E. BROWN, Washington, D.C. 

Upper Triassic rocks aggregating 40,000 to 50,000 
feet in maximum thickness occupy a triangular area 
about 35 miles from east to west and 16 to 18 miles from 
north to south in the Aldrich Mountains, Oregon. 
These rocks are mainly volcanic graywackes and shales, 
andesitic tuffs, basaltic lavas, and conglomerates that 
include boulders and fragments of Upper. Triassic 
sedimentary rocks. Slide breccias consisting largely 
or entirely of basement rocks characterize parts of the 
section, and the graywackes are in large part turbidites. 
Although most individual beds or corresponding volca
nic units are lenticular and of relatively small extent, 
angular unconformities and differences in lithology 
make it possible to recognize three major stratigraphic 
divisions. 

The oldest of these comprises three members (fig. 
139.1). The lowest member, exposed near the western 
edge of the area, west of _:the . ..fault which: crosses 

Murderers and Deer Creeks, is at least 8,000 feet thick; 
it is dominantly conglomeratic but includes some basalt 
flows near the base. The middle member, which oc
cupies the northwestern part of the map area between 
Fields and Riley Creeks, is 17,000 to 18,00.0 feet thick. 
The lowest 5,000 :feet of this member is characterized 
by slide brecdas and volcanic flows and breccias inter
layered with mudstone and shale, the middle part by 
mudstones, shale, and graywackes, and the upper 3,000 
to 8,500 feet by massive tuff. The upper member is a 
wedge of interbedded tuff, graywacke, and shale which 
lies with its thin edge at Riley Creek Butte, near the 
center of the map, and thickens to 10,000 or 11,000 feet 
near Fall Mountain, 8 miles to the east. 

The middle division is a relatively uniform sheet, 
1,000 to 2,000 feet thick, which forms the only strati
gr~phic ~nit that can confidently be traced across the 
map .are,a.;. It contains no volcanic rocks, and consists 

. ....,. 
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mainly of well-bedded coarse- to fine-grained gray
wacke and shale in which the matrix is mostly carbonate. 
Its basal part contains lenticular masses of limestone 
breccia and conglomerate as much as 75 feet thick and 
1,200 feet long associated with beds of detrital Erne
stone. 

The upper division consists mainly of graywacke 
and shale whose total thickness is between 5,000 and 
7,ooo· feet. It contains only a few thin layers of tuff. 
In the valley of the South Fork of Deer Creek the 
lower part of this unit contains at least a thousand 
feet of cobbly mudstone in which many of the cobbles 
are of Paleozoic limestone. This division is overlain 
unconformably by Lower Jurassic beds~ 

The area mapped is believed to cover the northwest
ern corner of a large basin of deposition. Along the 
western margin of the basin the Triassic rocks lie on 
a basement of Paleozoic metavolcanic rocks and ser
pentine.. The present northern border of the basin, 
where not concealed under younger. rocks, is a steep 
north-dipping reverse fault, along which Paleozoic 
rocks, serpentine, and Triassic rocks believed to be part 
of the lower member of the lower division lie against 
overturned Upper Triassic beds. The successive di vi
sions and members overlap eastward and southward 
on angular unconformities. The middle member of 
the lower division lies across tight folds of northeast
erly trend that involve the lower member. The upper 
member in turn lies across folds of northwesterly trend 
in the middle member, and changes abruptly in thick
ness across faults related to the folds. The middle and 
upper divisions together lie partly conformably, partly 
unconformably, across the lower unit, and in places they 
are themselves separated by erosional unconformities. 

Strong and almost continuous deformation while the 
rocks were accumulating is recorded by the nature of the 
sediments and by numerous unconformities. The 
abrupt thickening in the beds of the upper member of 
the lower division where they cross folds and faults in 

the middle member can be explained only by contem
poraneous fault movements of 3,000 to 4,000 feet. 
Several lines of evidence indicate recurrent movement 
totaling many thousands of feet along the northern 
border fault; this movement began at least as early 
as the deposition of the middle member of the lower 
division, and it involved beds of the upper division. 
The northeast-trending folds in the middle and upper 
division differ in strike by 60 to 70 degrees from the 
older northwest-trending major folds in the middle 
member of the lower division, and tight cross-folding 
has been "found only in the lower member of the lower 
division. The prevalence of materials deposited by 
mass transport, such as slide breccias, cobbly mud
stones, massive graywackes, and graded graywackes, 
shows that conditions around the margins of the basin 
were unstable, and the abundance of reworked Upper 
Triassic debris in the conglomerates and breccias shows 
extensive "cannibalism" of the rocks soon after their 
deposition. Diagnostic fossils and unconformable re
lations with overlying Jurassic formations indicate 
that all the rocks here described were probably depos
ited during the later half of Late Triassic (Norian) 
time, and were deformed as shown in figure 139.1 before 
Early Jurassic (Sinemurian) time. 

Although even the upper division has been tightly 
folded and overturned in places, none of the rocks are 
foliated. Much of the coarser tuff and graywacke is 
extensively altered to laumontite, prehnite, albite, and 
chlorite, and pumpellyite is common in the lavas. Ex
cept for local development of actinolite, mica, and py
roxene near contacts with later intrusives, the rocks are 
in the zeolite metamorphic facies described by Coombs 
and others (1959). 
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140. THE JOHN DAY FORMATION IN THE MONUMENT QUADRANGLE, OREGON 

By RICHARD V. FISHER and RAY E. WILcox, Denver, Colo. 

The Monument quadrangle, located in Grant County, 
Oreg., 30 miles northwest of the town of John Day, 
includes the Clarno formation of Eocene age, the John 
Day formation of late Oligocene a~d early Miocene 

age, the Columbia River basalt of Miocene age, and 
the Rattlesna.ke formation of Pliocene and Pleistocene 
age. The John Day formation is exposed mainly in the 
southern part of the quadrangle. It has an aggregate 
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thickness of about 950 feet, and consists of primary and · 
reworked pyroclastic material that fell on dry land. 
The lower pnrt, which is dominantly deep red, grades 
upward through lighter red, green, and buff beds into 
the light-grny and buff material that forms the upper 
part. We have tentatively divided the formation into 
three members, which do not strictly conform to those 
proposed by Merrin,m ( 1901) for the section at Picture 
Gorge: 

Local 
Monument qundran~le measured Merriam (1901) 

thickness 
(feet) 

l:l 
0 Upper member ___________ 346 :;s 
o:s Upper division. 8 
""' Middle member (welded 0 .... tuff locally present in 530 ..... 
o:s upper part). Middle division. Q 
l:l 

..s::: Lower member ___________ 67 Lower division. 0 
"'":: 

LOWER MEMBER 

The lower member consists of deep-red friable mud
stones and siltstones, rich in montmorillonitic clays and 
locally containing blnck mttnganese- and barium-bear
ing nodules. It weathers to a clayey, silty red soil. 
A thickness of 67 feet of this member was measured in 
NE% sec. 30, T. 9 S., R. 28 E., but there its base is 
not exposed. Four miles away, near the town of Ham
ilton (sec. 3, T. 10 S., R. 28 E., Courtrock quadrangle), 
the member is 241 feet thick nnd lies upon weathered 
n.ndesite of the Clarno formation. Its top is taken as 
the contact with a thin but distinctive layer of tuff con
taining fragments of green phyllite. No mammal or 
plant remains were found in this member in the 
Monument quadrangle. 

MIDDLE MEMBER 

The middle member may be divided into two parts, 
the lower dominantly reddish and the upper colored 
in light shades of red, yellow, gra.y, ~tnd green. Its 
composite thickness is 530 feet. Its rocks weather to 
a hard, cloddy soil that is distinct from the soils on the 
upper and lower members, and it erodes into a char
ncteristic pinnacled badlands topography. It is found 
under the microscope to consist mainly of glass frag
ments, largely altered to a zeolite ( clinoptilolite ~), 
mixed with montmorillonite and opaline material. Al
though this member appears distinctly bedded when 
viewed from a distance, it has few sharply defined bed
ding planes. Some htyers contain rounded and sub
u.ngular aggregates up to an inch in diameter that 
have the same general constitution as the surrounding 

material. Vertebrate remains occur in this member, 
being most common in its upper part, but here as else
where in the formation they are usually disarticulated. 

A layer of welded tuff, about 50 feet in maximum 
thickness, is locally present in the upper part of this 
member. In Elj2 sec. 13, T. 9 S., R. 27 E., where this 
tuff lies 140 feet below the top, a layer of tuff 13 feet 
below it contains a few fossil leaves, and apparently 
equivalent layers occur below the welded tuff in SW% 
sec. 6, T. 9 S., R. 28 E., and in SW% sec. 9, T. 9 S., R. 
27 E. This welded tuff layer may be equivalent to a 
similar layer near Picture Gorge that Merriam ( 1901) 
regarded as the top of his "Middle division" of the 
John Day formation. At its contact with the upper 
member there is a marked change in color and soil type. 

UPPER MEMBER 

The upper member, which is 3'46 feet thick in SE% 
sec. 28, T. 9 S., R. 28 E., is characterized by light-gray 
or buff colors and weathers to silty powdery soil. It is 
found under the microscope to consist mainly of glass 
fragments partly altered to clay (montmorillonite~) ; 
both siliceous and basaltic glass shards are present, and 
the rock contains iddingsite pseudomorphs after olivine. 
Bedding is inconspicuous in the upper member, except 
where it is marked by local conglomeratic and sandy 
beds consisting of reworked John Day material. In 
many places at the base of the overlying Columbia 
River basalt, beds of reworked basaltic pyroclastics 
occur, and these perhaps are more appropriately 
regarded as part of the Columbia ·River basalt. 

Structures within the John Day formation are rela
tively simple, with dips generally less than 25°. The 
apparent folds (regarding which more will be said 
presently) form a branching rather than a parallel 
pattern, and they plunge in various directions. Dips 
are usually gentler in the upper member than in the 
middle member. The formation is cut by fractures 
and by feeder dikes of the Columbia River basalt, both 
trending north-northwest, and the beds are locally 
disturbed by boss-like intrusions of basalt. A major 
norma] fault near the southern edge of the quadrangle 
drops John Day beds on the north side against vol
canics in the Clarno formation, and also cuts the 
Columbia River basalt. 

ORIGIN 

The preponderance of pyroclastic material in the 
John Day formation and the evidence that it could not 
have been deposited in lakes, as formerly presumed, 
was pointed out by Calkins ( 1902). In the Monument 
quadrangle the John Day formation was apparently 
deposited during a prolonged period of pyroclastic 
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volcanic: activity in a nearby region. The pyroclastic 
debris in the lower member is mixed, however, with 
much ·red clay and silt, probably derived from sapro
lite developed on the Clarno formation. The smaller 
proportion . of red material in the middle and upper 
members is presumably due to progressive mantling of 
the Clarno rocks by volcanic ash. 

The structures that simulate folds may be regarded 
as mainly due to initial dips in material mantling a 
ridge-and-valley topography which became progres
sively more subdued as deposition continued. The 
welded tuff at the top of the middle member represents 
an ash flow that followed the valleys. During diagene
sis of the buried sediments, differential compaction 
locally increased the dips, especially in material that 
contained much clay, and intrusion by the feeders of 
the Columbia River basalt resulted in further local 
disturbances. 
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141. THE REPUBLIC GRABEN, A MAJOR STRUCTURE IN NORTHEASTERN WASHINGTON 

I 
By MoRTIMER H. STAATz, Denver, Colo. 

A large graben, named for the old gold-mining town 
of Republic, has been outlined in the central part of 
the Okanogan Highlands, and mapped in detail by R. 
L. Parker, J. A. Calkins, S. ,J. Muessig, and M. H. 
Staatz (fig. 141.1). The graben is about 4 to 10 miles 
wide and: at least 52 miles long. It is· bounded on the 
northwesf, by the branching faults that make up the 
Scatter Creek fault zone, and on the southeast by ·the 
Sherman fault. The bounding faults are either nearly 
vertical or dip toward the middle of the graben. The 
total vertical displacement on them is not known, but in 
the northern part of the Ba1d Knob quadrangle the 
middle of the graben is at least 7,000 feet lower struc
turally than the. adjacent blocks. 

Rocks formed before the graben faulting include 
metamorphosed sedimentary and igneous rocks, unmet
amorphosed intrusive rocks in stocks and batholiths 
of Mesozoic and early Tertiary age, and intrusive 
porphyry and volcanic rocks that are probably Eocene. 
Rocks formed during and after the graben faulting are 
intrusive porphyry and volcanic extrusives. The vol
canics are mainly rhyodacite flows but include some 
beds of tuff and breccia. Over 90 percent of them were 
formed after the graben started to subside. 

.. 
/ 

/ 

The flows are the extrusive equivalents of the por
.Phyry, and are closely similar to them in mineral and 
;chemical composition. In the central part of the Bald 
~~nob quadrangle a rhyodacite body showing intrusive 
~.relations along its west side has been traced eastward 
into extrusive rhyodacite with well-developed flow 
-~tructure. Dikes and other small intrusions of por
phyry are found both inside and outside the graben; 
the volcanic rocks, however, are now found only within 
the graben, having elsewhere been eroded away. · Por
phyry masses that probably solidified in volcanic vents 
occur at a number of places within the graben, but 
are most common along the marginal faults. The flows 
.\vere likewise extruded mainly along the marginal 
faults although some rose along smaller breaks within 
the graben. 

The Republic graben was formed in early or middle 
Tertiary time. It started to sink soon after the earliest 
volcanic rocks were erupted, and continued to sink while 
the succeeding thick flows and pyroclastic rocks were 
erupted. The sinking of this block was caused by the 
weight of the thick sequence of volcanic rocks deposited 
on its top, coupled with removal of the support that 
was given by the volcanic material before it was ex-

J ·, 
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truded. Five angular unconformities that separate 
tuff beds in different parts of the graben indicate that 
the graben sank unevenly. The sinking was probably 
almost continuous but varied in direction and amount. 

During and since the formation of the graben the 
rocks of this region were eroded, and any volcanic 
rocks that may have accumulated on the blocks adja
cent to the graben were thus removed. Several small 
bodies of porphyry are found in the adjacent blocks, 

and some of these presumably fill vents from which 
. flows were extruded. The volcanic rocks in the graben 
itself were protected from erosion because of their 
lower elevations. 

The Republic graben has remarkably little topo
graphic expression for so large a structural feature. 
The surrounding mountains have gently rounded tops, 
and in many places one observes little difference of 
relief in passing across the graben. 

142. SUGGESTED SOURCE OF MIOCENE VOLCANIC DETRITUS FLANKING THE CENTRAL CASCADE RANGE, 
WASHINGTON 

By LEONARD M. GARD, JR., Denver, Colo. 

Poorly consolidated pumiceous fluvial and lacustrine 
sediments of late Miocene age, interbedded with ash 
layers and volcanic mudflows, have been recognized on 
the west flank of the Cascade Range in ·Washington 
(Mullineaux, Gard, and Crandell, 1959) (fig. 142.1). 
As these deposits contain fragments of hornblende, and 
of hornblende andesite that is markedly different from 
the earlier Tertiary pyroxene-rich volcanic rocks that 
predominate in the central Cascade Range, they may be 
products of an eruptive phase of the Snoqualmie gra
nodiorite batholith. 

These sediments are correlated in· part, on the basis 
of lithologic similarity and age (Mullineaux, Gard, and 
Crandell, 1959, p. 695), with the Ellensburg formation 
(Miocene-Pliocene) which overlaps the east flank of 
the Cascades (fig. 142.1). The Ellensburg also is char
acterized by pumiceous volcanic mudflows and alluvial 
deposi.ts rich in hornblende andesite debris, which ac
cording to Waters ( 1955, p. 673) was derived from a 
growing chain of explosive andesitic volcanoes to the 
west of the Yakima area. But although the volcanic 
materials in the Ellensburg must have been derived 
from vents in the Cascades, none of these vents have 
been recognized. Waters ( 1955, p. 664) states that ex
tensive remnants of volcanoes of the requisite age are 
exposed in the present Cascade Mountains, but he does 
not specifically identify or locate any one of these rem
nants, and a search of the published literature has not 
revealed any reference to them. 

The Snoqualmie_ granodiorite was intruded into 
earlier Tertiary rocks that now form much of the Cas
cade Range. The time of intrusion is inexactly known. 
Warren (1941, p. 797) indicated that it was intruded 

in Oligocene ( ~) time, whereas Smith and Calkins 
( 1906) suggested a late Miocene age of intrusion. 
Coombs (1936, p. 167), as well as Smith and Calkins, 
pointed out that green hornblende and biotite are the 
predominant ferromagnesian minerals in the granodi
orite. Fuller 1 suggested that the lack, in the Sno
qualmie granodiorite, of both ore deposits and late dif
ferentiates was due to its having solidified prematurely 
because it lost a vast quantity of volatile constituents 
that broke through to the surface. 

It is here suggested that the magma reached the sur
face and the volatile constituents were given off during 
explosive volcanism. This eruptive phase of the Sno
qualmie produced the hornblende-bearing pumice, ash, 
and mudflow deposits of late Miocene age now preserved 
only on the flanks of the Cascades. If, as suggested 
here, the Snoqualmie is the source of this volcanic 
detritus, then at least some granodiorite must have been 
intruded in late Miocene time. Recently published in
formation by Waters ( 1955, p. 664) and Cheney ( 1959, 
p. 122) indicates that the upper part ·of the Ellensburg 
formation is of early Pliocene age. The abundance of 
newly erupted volcanic material in the Ellensburg sug
gests that the extrusive phase of the Snoqualmie 
might have lasted into early Pliocene time. Snoqual
mie volcanoes probably have been removed completely 
by erosion that has exposed the top of the batholith 
in many places (fig. 142.1). This idea, although partly 
anticipated some 35 years ago, has recently been reached 
independently ·and by way of different lines of evidence 

1 Fuller, R. E., 1925, The geology of the northeastern part of the 
~edar Lake quadrangle, with special reference to the deroofed Snoqual
mie batholith: Washington Univ. [Seattle], unpublished Master's thesis. 
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by others working in the central Cascade Range. 
Therefore, more evidence on the problem will be 
forthcoming. 
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:i~~f; 143. LATE RECENT AGE OF MOUNT ST. HELENS 
VOLCANO, WASHINGTON 

\ 

d~ 
L 

,j·j By D. R. MuLLINEAUX and D. R. CRANDELL, 
Denver, Colo. 

(1:: Mount St. Helens is a high symmetrical stratovolcano 
. ·: on the western flank of the Cascade Range in southern 
· Washington. The modern cone, composed of pyroxene 
· andesite and olivine basalt, is built on an older cone of 
hornblende dacite and hornblende-hypersthene andesite 
(Verhoogen, 1937). From the time of the early geolog
ical exploration of the Pacific Northwest in the 19th 
century, the smooth slopes and lack of pronounced 
glacial features on Mount St. Helens have been inter-

, preted as evidence that the volcano is young. V er
hoogen believed that many flows from the mountain 

· were no more than a few hundred years old, and he 
poted that actual eruptions were reported in 1842 and 
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1854. Because of the topographic evidence and· the 
absence of olivine basalt stones in terrace deposits in 
the Toutle River valley northwest of the volcano, 
Verhoogen dated the modern volcano as Recent. He 
regarded the terrace deposits as glaciofluvial gravel 
derived from the older Mount St. Helens during Pleis
tocene time. 

Our studies indicate that the terrace deposits in the 
Toutle River valley consist of interbedded debris flows 
and alluvium composed almost entirely of the older 
rocks from Mount St. Helens. These deposits are 
traceable downvalley for a distance of 55 miles. A 
fragment of a conifer stem and branch from within a 
debris flow in the terrace deposits at Silver· Lake, 25 
miles west of the volcano, has a radiocarbon age of 
2,030 ± 240 years (U.S. Geological Survey sample 
W-811, Meyer Rubin, written communication). 

In the upper part of the debris flow that contained 
the wood is a soil about 12 inches thick, consisting of a 
humified zone and an oxidized zone, separated by a 
thin lighter colored layer that is interpreted as the. 
bleached horizon of a podzolic soil. This soil is over
lain by alluvia-l gravel, which is overlain in turn by 
two younger debris flows. None of these deposits con
tain stones of either the pyroxene andesite or the olivine 

basalt typical of the modern Mount St. Helens. The 
uppermost debris flow, which forms the top of' the 
terrace here, is oxidized to an average depth of about 
18 inches, but no bleached horizon has been seen under 
the 1- to 2-inch layer of organic material at the top. 
As environmental conditions during the formation of 
the two soil profiles were probably similar, the lower 
profile probably required at least as long a time to 
form as the upper profile. If so, the volcano must have 
continued to erupt only the hornblende dacite and 
hornblende-hypersthene andesite of the older Mount 
St. Helens for another thousand years after the dated 
wood was incorporated. 

From the composition of the debris flows, the radio
carbon age of the wood sample, and the soil profiles 
within the flows, it is inferred that Mount St. Helens 

. did not begin to erupt the olivine basalt and pyroxene 
andesite of the present cone until very la.te in Recent 
time, and that the modern cone may well be a product 
of the last thousand years. 
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144. CENOZOIC VOLCANISM IN THE OREGON CASCADES 

By DALLAS L. PEcK, Menlo Park, C~lif. 

Work 'lone in cooperation with the Oregon Depart·ment of Geology and M·ine·ral IndtJstries 

The Cascade Range in Oregon comprises two major 
sequences of volcanic rocks of Cenozoic age (Callaghan, 
1933). The older sequence, the volcanic rocks of the 
'Vestern Cascades, makes up the western slope of the 
range, and consists of warped, faulted, and partially 
altered upper Eocene to upper Miocene flows and pyro
clastic rocks, 12,000 feet thick on the average. The 
younger sequence, the volcanic rocks of the High Cas
cades, forms the crest and most of the eastern slope of 
the range, and consists predominantly of unaltered and 
undeformed Pliocene to Recent andesite 1 and basalt 
flows from relatively undissected shield and strato
volcanoes (Williams, 1942). 

1 The rock classification of Williams and others ( 1954) is followed 
in tht~ report. 

The age, lithology, and thickness of the 1najor vol
canic units of the Cascade Range are summarized in 
table 144.1. 

The formations are dated on the basis of fossil plants 
from more than 50 localities. Marine strata that un
derlie and interfinger with the volcanic rocks along 
the western foothills have yielded fossil mollusks and 
Foraminifera of Eocene, Oligocene, and early Miocene 
age. Fossiliferous lacustrine and fluviatile tuffaceous 
strata of late Miocene and Pliocene age interfinger with 
the volcanic rocks along the eastern and western flanks 
of the range. 

The rocks of the Cascades are calc-alkaline, similar 
chemically toN ockolds' ( 1954) average "central" basalt, 
andesite, dacite, rhyodacite, and dellinite. They have 
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TARLE 144.1.-Smnm.ary oj"the major Cenozoic units in the Cascade Range in Oregon 

Name 

Volca.nic rocks of the 
High Cascades. 

Lithology 

Flows and minor pyroclastic rocks of olivine andesite and olivine 
basalt, subordinate pyroxene andesite, and minor dacite. 
Flows are typically porous textured and sparsely porphyritic, 
and contain phenocrysts of olivine that are partially altered 

B309 

Thickness (foot) 

o-n,ooo 

to iddingsite. Vents represented by line 5 in fig. 144.1. 
-------·--1----------I--------'------·Unconformity-----------I---------
Middle nnd la.te 

Miocene. 
Unnamed volcanic 

formation. 

Middle Miocene _ _ _ _ _ Columbia River ba
salt. 

Flows, tuff breccia, and tuff of hypersthene andesite and mafic 
hypersthene dacite, subordinate labradorite andesite, olivine 
andesite, augite andesite, and mafic dacite, and sparse felsic 
dacite and olivine basalt. Flows are typically platy and 
porphyritic, and contain phenocrysts of calcic plagioclase and 
prismatic black hypersthene. Massive beds of mudflow 
breccia are locally abundant. Vents represented by line 4 
in fig. 144.1. 

Flows of tholeiitic basalt and basaltic andesite. Flows are typ
ically columnar-jointed, and are composed of very fine-grained 
black basalt that contains abundant glass, intermediate pla
gioclase, augitic pyroxene, and chlorophaeite, but little or no 
olivine. Extruded from fissures that are outside the Cascade 
Range and not shown on fig. 144.1; present only locally 
within the range. 

0-10,000, avg about 
:3,000. 

0-2, 500 

----------------------1-·---------·-----Unconformity-------------------
Oligocene and early 

Miocene. 
Unnamed volcanic 

series. 
Dacitic and andesitic tuff and less abundant flows and breccia 3, 000-15, 000 

of olivine basalt, olivine andesite, and pyroxene andesite, dacitic 
and rhyodacitic flows and domes, and rhyodacitic tuff. Pum-
ice lapilli vitric tuff in massive beds that were presumably 
deposited as glow:ing avalanches is the most abundant rock 
type. Basaltic flows typically contain sparse phenocrysts of 
pyroxene (salite) and altered olivine, as well as micropheno
crysts of calcic plagioclase and pyroxene. The series con
tains internal disconformity east of Eugene. Vents repre
sented by lines 1, 2, and 3 in fig. 144.1. 

--------------1-------------1-------------Local unconformity-----------1--------·-·-
Ln.t.c Eocene_________ Colcstin formation __ _ Andesitic tuff, conglomerate tuffaceous siltstone and sandstone, 

and less abundant flows and breccia of olivine andesite and 
pyroxene andesite. Location of vents uncertain. questinnahly 

0-3, 000 

represented by line 1 on fig. 144.1. 

n. total volume of about 30,000 cubic miles. Andesite 
Uw.t has a silica content of about 56 percent is the most 
abundant rock type; rocks containing 63 to 68 percent 
silica n.re sparse, and rocks that have about 70 percent 
silica are moderately abundant. The nature and rela-. 
tive abundn.nce of phenocrysts in the volcanic rocks of 
different composition are shown in figure 144.1. 

The ~1iocene and older volcanic rocks are partly 
nJtered. Throughout most of the vVestern Cascades 
volcanic glass in pyroclastic rocks and flows is reph.tced 
by fine-grained aggregates consisting chiefly of zeolite 
( morden ite or clinoptilolite) or aJkalic feldspar, to
gether with cristobalite or chalcedonic quartz and rnont
morillonitic clay. In restricted areas ar•ound former 
volcanic centers tl}e rocks are propyliticaliy altered and 

are intruded by sma.U dioritic ~ind granitic stocks, pipes, 
and dikes. 

The regional a.linement of successive series of vents 
of the volcanic rocks of the Cascade Range in Oregon 
is indicated in· figure 144.2. Vents for the different 
volcanic units are apparently alined in northward 
trending belts that generally shifted progressively east
ward during the Cenozoic. During the latter part of 
the Oligocene and the ear)y Miocene groups of vents 
were ~dined in two separate belts; vents in the western 
belt yielded mostly flm~s of olivine basalt and olivine 
andesite whereas contemporaneous vents farther east 
yielded mostly dacitic and rhyodacitic pyroclastic 
rocks. 
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FIGURE 144.2.-C~:mter lines of belts of vents of Cenozoic vol
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upper Eocene(?) and lower Oligocene andesitic volcanic 
rocks ; 2, middle Oligocene to lower Miocene flows of basalt 
and basaltic andesite; 3, Oligocene and lower Miocene dacitic, 
andesitic, and rhyodacitic pyroclastic rocks ; 4, middle and 
upper Miocene andesitic volcanic rocks ; 5, Pliocene and 
Quaternary andesitic and basaltic volcanic rocks. 
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145. RODINGITE FROM ANGEL ISLAND, SAN FRANCISCO BAY, CALIFORNIA 

By JuLIUS ScHLOCKER, Menlo Park, Calif. 

The calcium silicate-rich rock rodingite, found in 
serpentine thorughout the world, is also found in the 
serpentine of Angel Island, in San Francisco Bay, 
Calif. Rodingite at other localities is described as 
forming altered dikes of calcium-rich gabbro or diorite, 
though a rodingite in the Ural Mountains is said to 
form pyroxenite schlieren in serpentine (Baker, 1959, 
p. 33; Suzuki, 1953, p. 425; Miles, 1950, p. 126; Cater 
and Wells, 1953, p. 103, Wells, Hotz, and Cater, 1949, 
p. 12). 

The serpentine that encloses the rodingite on Angel 
Island is a steep, tabular body, about 600 feet thick, 
squeezed into rocks of the Franciscan formation. The 
rodingite occurs, together with various clearly meta
tnorphic rocks, in scattered, isolated fragments oriented 
at rnndom in the serpentine. These are all "tectonic 
inclusions" as defined by Brothers (1954, p. 616). The 
:inclusions of rodingite are round masses 1 to 4 feet in 
diameter. They are fine- to medium-grained, are very 
tough, and generally haven specific grnvity well nbove 
3.0. Their color rnnges from light yellowish gray to 
dark greenish gray. The most conspicuous nnd abun
dnnt ones hnve light-colored cores and medium- to 
dnrk-gray rims 1 to 3 inches t4ick (fig. 145.1). 

MINERALOGY 

The Angel Island rodingite consists mainly of calc
silicates and severnl species of chlorite. Several min
eralogical types have been recognized: garnet-vesuvian
ite, garnet-chlorite-vesuvianite, clinozoisite-diopside
garnet-vesuvianite, chlorite-sphene-vesuvianite, and 
diopside-chlorite. Accessories are calcite, magnetite, 
ilmenite, pyrite, stilpnomelane, g~irnet, vesuvianite, 
sphene, and chlorite. 

The composition of the garnets and garnet-like min
erals, which are abundant in most of the Angel Island 
rodingite, was determined by measuring refractive in
dices and unit-cell edges. Graphs of Sriramadas (1957, 
p. 295-296) show that one specimen of garnet is ap
proximately 45 percent grossularite and 45 percent an
drndite. More common are garnet-like minernls whose 
refractive index is too low and whose unit-cell edge is 
too large for garnet. These fall on Winchell and Win
chell's (1951, p. 493) graph for minerals of the garnet
hydrogarnet (hibschite) series, which consist of the 
following four components: grossularite ( Ca3Al 2-

0 1 FOOT 

l!'Iouru~ 145.1.-Diagrnrnmatic sketch of typical rodingite inclu
sion, Angel Island, San Francisco Bay, Calif. 

(Sio4) a), andradite ( CaaFe2 (Si04)a), Ca3Al20 6 · 6Hz0, 
and CaaFez06 · 6Hz0. The Angel Island garnet-hydro
gnrnets contain 40 to 70 percent grossularite, 30 to 60 
percent andradite, and 1 to 1.2 moles H 20. IIydro
grossular, a hydrogarnet high in grossularite contain
ing 0.72 moles H 20, was first identified in rodingite 
from New Zealand (Hutton, 1943, p. 174-180) and has 
been found in other rodingites (Miles, 1950, p. 128). 

The dark rims found on most rodingite inclusions con
sist predominantly of chlorite and disseminated mag
netite. Calc-silicates, simihu~ to those in the rodingite 
cores, are generally present in small amount near the 
inner borders of the rims. Stilpnomelane veinlets oc
cur in these rims, and also veinlets and masses of anti
gorite. A pyrite-rich zqne is found on or near the 
borders of some rodingite inclusions. 
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ORIGIN OF ANGEL ISLAND RODINGITE 

The origin of some of the rodingite is indicated by 
relict textures and minerals. Euhedral to subhedral 
crystals of diopsidic angite occur in what appear to be 
relicts of a porphyritic rock or a crystal tuff. Some of 
the rodingite, however, shows well-preserved textures 
of porphyritic basaltic glass or tachylite identical with 
those found in surficial volcanic rocks (greenstones) 
of the Franciscan formation of Angel Island 
( Schlocker and others, 1958). 'Vhat appear to be 
relict vesicles and euhedrallaths, probably once plagio
clase, are now mostly represented by masses of color
less chlorite sharply outlined against a groundmass of 
cloudy garnet aggregates. The groundmass shows ir
regular, flat-sided and rounded masses identical in 
structure with those seen in tachylit.ic.pyroclastic rocks 
and pillow greenstone,s of the Franciscan formation. 
Greenstone structures and textures are also represented 
in the dark rims of the rodingite fragments by layers 
consisting of tiny aggregates of magnetite, sphene, and 
garnet embedded in chlorite. 

Rodingite of tachylite origin may be older than, or 
contemporaneous with, serpentine; other rodingite may 
be younger than serpentine. Veins of serpentine in 
rodingite merely show that the veining is younger. than 
the rodingite. The high mobility of serpentine com
plicates the problem of deciding relative age· on the· 
basis of cross cutting, for crustal pressures may· have 
mobilized the serpentine many times after it was first 
formed. Some of the Angel Islandrodingite may have 
formed igneous dikes which cut an ultramafic rock but 
which were broken up and moved about during and 
after the serpentinization of that rock. Fragments of 
tachylitic greenstone may have become altered to 
rodingite either before or after they were caught up in 
the serpentine. Other masses of rodingite throughout 
the world are generally regarded as dikes cutting older 
serpentine; Baker (195·9, p. 33), however, concluded 
that the Tasmanian rodingite forll,led before the ser-
pentine intruded it. · 

Although no chemical analyses of the, Angel Island 
rodingites are yet available, the mineral cm1tent of the 
rocks indicates that the conversion of greenstone to 
rodingite was accompanied by a considerable increase 
in calcium and loss of silica. A calculation w~ts made 
on the assumption that the dark rims were originally 

greenstone and that the additional calcium in the cores 
was derived from them, but this calculation showed that 
the cores contained considerably more calcium than 
could have been obtained from the rims. Serpentiniza
tion of diallage, which was probably common in the 
original ultramafic rock, may have freed calcium that 
migrated to tectonic inclusions of rocks such as green
stone, which were probably the only other calcium
bearing materials in the ultramafic rock, and the cal
cium may have become bonded to other atoms in the 
inclusions to form ca1c-silicates. Such a concentration 
of calcium could have been accompanied by migration· 
of silica from the inclusion to the surrounding silica
undersaturated ultramafic rock. 

If tectonic inclusions of greenstone of the Franciscan 
formation were converted to rodingite, the same 
change may have operated on other rocks of the forma
tion, similar oin chemical composition, such as volcanic 
graywackes. 
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146. GRAVITY ANOMALIES AT MOUNT WHITNEY, CALIFORNIA 

By H. W. OLIVER, Washington, D.C. 

A gravity station on the top of l\{ount 1Vhitney, 
California, was occupied with a 'Vorden gravimeter on 
August 18, 1957, in connection with a regional gravity 
st.udy of the southern ha.lf of the Sierra Nevada. The 
station was established by L. C. Pakiser and G. Turner 
relative to a gravity station at 1Vhitney Pass, which 
had previously been tied to U.S. Coast and Geodetic 
Survey pendulum stations at Independence and 
''Taukena (Duerksen, 1949, p. 36) and to airport gravity 
bases at Merced and Fresno C\Voollard, 1958, p. 532). 
The l\{ount 1Vhitney station is now the highest gravity 
station in North America (14,496 feet above sea level) 
and provides important data for testing the principle 
of isostasy. 

GRAVITY DATA 

Gravity reductions were carried out for the station 
on Mount Whitney according to the methods described 
by Swick (1942) and Heiskanen (1938). A Bouguer 
reduction density of 2.67 g per cm3 was used, and the 
corrections for topography and compensation for zones 
10 to 1 were taken from the world reduction charts pre
pared by Niskanen and Kivioja (1951). 

Table 146.1 lists the principal gravity data at Mount 
"Thitney, and for comparison it includes similar data 
for Pikes Peak, in the Colorado Front Range. Figure 
146.1 is a plot of the l\{ount 1Vhitney data, showing 
t.he effect of different assumptions on the value of the 
gravity n.nomalies. T'he free-air anomaly is treated in 
the figure as a f.Iayford a.nomaly (Hayford and Bowie, 
1912) for which the depth of compensation, D, is zero. 
The free-air anomaly is also treated as a Heiskanen 
anomaly (1-:Ieiska.nen, 1938) for whiGh the thickness of 
the normal crust, T, is zero relative to the earth's sur
face, which becomes a negative thickness relative to sea 
leveL The Bouguer anomaly, likewise, may be con
sidered as either a IIayford or a Heiskanen anomaly 
for which the depth of compensation or the normal 
crustal thickness, respectively, is infinite. 

DISCUSSION OF RESULTS 

It :is seen from figure 1.46.1 that the gravity anomalies 
at l\{ount "Thitney ca.n be reduced to zero by assuming 
a H:a.yford isostatic system with ])=71. km or a Heis
kanen system with 1'=17 km. These values forD and 
Tare somewhat smaller than the "best" values of D = 96 
km derived by Bowie from gravity data at stations in 

557753 0-60--21 

TABLE 1.-Gravity data at Mount Whitney, California, and Pikes 
Peak, Colorado. All gravity valves and anomalies art in 
milligals 

Elevation (feet) _____________________ _ 
Observed gravity ___________________ _ 
Free-air anomaly ___________________ _ 
Simple Bouguer anomaly _____________ _ 
Terrain correction ___________________ _ 
Bouguer anomaly ___________________ _ 

Isostatic anomalies 
Hayford, D=56.9 km _____________ _ 

D = 96 km _______________ _ 
D = 113.7 km ____________ _ 
D=127.9 km ___________ · __ 

Heiskanen, T=20 km __ ------------
T= 30 km _____________ _ 
T= 40 km _____________ _ 
T= 60 km _____________ _ 

1 Duerksen (1949, p. 8). 
2 Rice, Donald (1960, oral communication). 

Mount 
Whitney 

14, 496 
978735 

+217 
-278 

76 
-202 

+18 
-22 
-34 
-42 
-11 
-31 
-47 
-72 

Pikes Peak 

I 14, 086 
I 978959 

I +203 
-277 

2 57 
I -220 

I +45 
I +24 
I +18 
3 + 13 

? 
4 + 17 

5 +3 
5-7 

3 Bowie (1917, p. 103). Eleven mgals have been subtracted from Bowie's value of 
the Hayford anomaly corresponding to D=127.9 km, in order to bring it in line with 
Duerksen's more recent determination of Haylbrd anomalies corresponding to D= 
56.9, 96, and 113.? km. This difference is due largely to a change in reference gravity 
from the Helmert formula of 1901 to the International Gravity Formula of 1930. 

• Quresky, M. N., 1958, Gravity anomalies and computed variations in the thick· 
ness of the earth's crust in Colorado: Colorado School of Mines, Ph.D. thesis, pl. 3. 

~ Heiskanen (1939, p. 31). Five mgals have been subtracted from the cited values 
of Heiskanen anomalies corresponding toT =40 km and 60 km, in order to bring these 
data in line with Duerksen's more recent determination of the Bouguer anomaly. 

mountainous regions (1917, p. 1.33), ~1,nd of 1'=30 kn1 
determined seismically as the normal sea-level thick
ness of the earth's crust in California (Press, 19,57). 
Isostatic anomalies corresponding to these values are 
negative by about 30 mgals. 

There are two possible interpretations of these data: 
(a) the Mount Whitney region is slightly overcompen
sated and will tend to approach isostatic equilibrium 
by further uplift of the mountain block, or (b) both 
the Heiskanen and Hayford systems are incorrect and 
do not adequately represent the true nature of isostatic 
compensation for the southern Sierra Nevada. 

The first interpretation is supported by geologic evi
dence that the Sierra is stin rising relative to the sur
rounding valleys, but there is some question regarding 
the absolute sense of the vertical displacements (Paul 
Bateman, 1960, written communication). 
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FIGURE 146.1.-Isostatic anomalies at Mount Whitney, Calif. 
The Hayford and Heiskanen anomaly curves approach lthe 
Bouguer anomaly value of -202 milligals as D and T, re
spe<!tively, approach infinity. 

The Airy-Heiskanen model of isostatic compensation 
is favored over the Pratt-Hayford model by seismic 
evidence of thickening of the earth's crust beneath the 
Sierra Nevada (Byerly, 1938; Gutenberg, 1943; Press, 
1956). It has become increasingly apparent, however, 
that the Airy-Heiskanen model is only a first-order ap
proximation to a very complex phenomenon. Press 
(1960) has recently shown that the e·arth's crust in the 
desert areas south of the Sierra Nevada is made up 
of at least two discrete layers, and that there are sig
nificant lateral variations in the velocity ·and presum
ably the density of the lower layer. Gravity gradients 
at the west edge of the Sierra Nevada indicate that 
part of the mass deficiency under the range is produced 
by a lateral. variation in the density of rocks of the 
upper crustal layer. This conclusion is further sup
ported by density measurements of surface samples, 
which show a systematic decrease from a value of about 
2.8 g per cm3 in_ the western foothills to about 2.6 g per 

cm3 near the eastern crest of the Sierra Navada. A 
modification of Heiskanen's model by the introduction 
of mass deficiencies within the earth's crust tends to re
duce the magnitude of the negative Heiskanen anom
alies at Mount Whitney by bringing part of the com
pensating mass closer to the earth's surface. 

COMPARISON OF CALIFORNIA AND COLORADO 
ANOMALIES 

Table 146.1 shows that the isostatic anol!lalies at 
Pikes Peak are generally positive, in contrast to the 
negative anomalies observed at Mount Whitney. The 
algebraic differences average about 50 mgals. 

The contrast in the geologic history of these two re
gions is also striking. The Nevadan orogeny in the 
Sierra Nevada is characterized by tight isoclinal fold
ing, a high degree of metamorphism, and perhaps the 
complete transformation of older rocks to form the 
Sierra Nevada batholith. The Laramide orogeny, on 

. the other hand, did not extensively alter the lithologic 
character of the Rocky Mountains in Colorado; upper 
Paleozoic and Mesozoic rocks were broadly folded, 
thrusted and uplifted without much lithologic trans
formation. This comparison suggests that there may 
possibly be a relation between isostatic anomalies and 
the extent of deformation and lithologic change. 

CONCLUSION 

Bouguer and isostatic anomalies at Mount Whitney 
show that there is a large mass deficiency below the 
Sierra Nevada, which is in general accordance with the 
principle of isostasy, and that the gravitational effect of 
this "defective" mass on Mount Whitney is approxi
mated within 85 percent by Heiskanen and Hayford 
models that correspond to T = 30 km and D = 96 km, re
spectively. A better isostatic model for the Sierra 
Nevada would probably be a combination of the 
Hieskanen and Hayford models, the parameters for 
which cannot be determined uniquely except by the 
application of several geophysical methods. Isostatic 
anomalies based on present models are probably indica
tive in many cases of density changes within the earth's 
crust resulting from orogenic activity. 
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147. RELATIONS BETWEEN ABRAMS MICA SCHIST AND SALMON HORNBLENDE SCHIST IN WEAVERVILLE 
QUADRANGLE, CALIFORNIA 

By WILLIAM P. IRWIN, Menlo Park, Calif. 

Work done in cooperation with the California Division of Mines 

Metamorphic rocks form •an arcuate ·belt; 10 miles 
wide and trending nearly north-south for 90 miles, in 
the central part of the l{lamath Mountains of California 
(fig. 147.1). A smaller area of similar rocks lies farther 
north, extending beyond the Oregon boundary. The 
metamorphic rocks midway along the belt were divided 
by Hershey (1901, p. 226-230) into the Abrams mica 
schist and the Salmon hornblende schist. These units 
can be recognized in at least the southern half of the 
belt, where detai1ed reconnaissance· was done later by 
• J. S. Diller and H. G. Ferguson (unpublished data, 
1922) and by Hinds ( 1933). These early workers noted 
that the Abrams formation contained lenses of marble, 
but they attached no particular stratigraphic signifi
c~mce to them. 

Hershey and Hinds regarded the amphibolitic Sal
mon formation as a thick layer of metamorphosed mafic 
volcanic rock that overlay the Abrams formation. Diller 
and Ferguson, on the other hnnd, believe that the Sal
mon formation probably consisted originally of diorite 
or gabbro that had been intruded into the Abrams for
mntion; they noted, however, that there were irregulari
ties in the contact between the two formations, and ad
mitted thnt these might have resulted from interfinger
ing of volcanic rock with sedimentary rock rather than 
from intrusion. It now _appears certain that the Salmon 

is of volcanic origin. The age of all these rocks is gen
erally regarded as pre-Silurian or Precambrian. 

Geologic mapping in the Weaverville 15-minute quad
rangle (fig. 147.1) indicates that (a) the structure of 
the metamorphic rocks included in that quadrangle is 
synclinoria!, with the Abrams mica schist overlying the 
Salmon hornblende schist, (b) the Abrams is probably 
younger rather than older than the Salmon, and (c) 
the marble lenses are of stratigraphic significance in that 
they are chiefly in the lower part of the Abrams . 

In the Weaverville 15-minute quadrangle the Abrams 
mica schist predominates in the central part of the 
belt. The Salmon hornblende schist crops out chiefly 
along the margins of the belt, but it is also exposed at 
a few places in the central part of the belt on the crests 
of minor anticlines. The marble lenses and the folia
tion and compositional banding in the Abrams ar:e gen
erally parallel to the contact between the two schists, 
and generally dip away from areas of the Salmon. The 
dominant structure appears to be an open synclinorium, 
although some of the minor folds are isoclinal. Tl\e 
Abrams occupies the trough of the synclinorium, and 
thus structurally overlies the Salmon. 

The marble is chiefly in the ]ower part of the Abrams, 
near the contact with the Salmon. At a few places, 
however, the Salmon contains thin layers of marble 
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FIGURE 147.1.-Map of part of noflthwestern California showing 
the Klamath Mountains province (diagonal pattern) and 
Weaverville 15-minute quadrangle. The central belt of meta
morphic rocks and area of related rocks are indicated by 
schist pattern. 

near this contact. The marble occurs mostly in short 
lenses that are widely and unevenly spaced. Some of 
the discontinuity of the marble lenses has probably re
sulted from pinching off of limestone beds during de
formation, but some of it may be a feature of original 
deposition. Along the east margin of the belt of met
amorphic rocks, however, the marble is essentially con
tinuous for more than 5 miles, and closely follows the 
contact between the Abnuns and Salmon schists. At 
some places in the quadrangle several closely spaced 
layers of marble alternate with mica schist of the 
Abrams, and at these places it is uncertain whether the 
marble layers represent several original beds or a single 
bed repeated by· isoclinal folding. 

The early workers believed that the Salmon horn
blende schist overlay the Abrams mica schist, but this 
view, based chiefly on reconnaissance, now seems to be 
erroneous, and so does the view, tentatively advanced 
by Diller and Ferguson, that the Salmon represents an 
intrusive body. The Abrams appears to overlie the 
Salmon in a large part of the. 'Veaverville 15-minute 
quadrangle, and unless the normal stratigraphic se
quence has been complicated by thrust faulting or over
turning on a grand scale, no evidence of which has 
been recognized, the Abrams mica schist is the younger. 
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148. EVIDENCE FOR TWO STAGES OF.DEFORMATION IN THE WESTERN SIERRA NEVADA METAMORPHIC BELT, 
CALIFORNIA 

By LoRIN D. CLARK, Menlo Park, Calif. 

Work done in cooperation with the California Division of Mines 

Structures in the metamorphosed sedimentary and 
volcanic rocks exposed in the western Sierra Nevada 
are related to two distinct stages of deformation. Dur
ing the first stage, major folds having nearly horizontal 
axes and steeply dipping axial planes were formed. 
During the second, these :folds were truncated by large 
faults (Clark, 1960) in the western part of the belt, 
and were modified by pervasive shearing and attendant 

development of steeply plunging b-lineations and minor 
folds in the eastern part of the region. Attitudes of 
sheer surfaces related to the second deformation make 
an angle of less than 30° in most places with the atti
tudes of axial planes of folds resulting from the first 
deformation, suggesting significant changes in the di
rections of the deforming pressures between the two 
stages. Had there been little change inpressure direc-
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FiouuE 148.1.-0utl'ine geologic map of the western Sierra Nevada metamorphic belt. Rock distribution adapted from tec
tonic map of the United Srtates (King and others, 1944). 

tions, the angle between these reference planes would 
be much more than 30°. 

The present attitudes of the beds have resulted 
mainly from folding during the first stage of deforma
tion. In the southern part of the region the formations 
strike about N. 30° W., and in the northern part they 
strike nearly due north. The outcrop belts of some 
formations are nearly straight for distances· of more 
than 90 miles. In most places the beds dip steeply east 
or n.re vertical. The regional strike of the formations 
has resulted from folding on nearly horizontal axes. 
This is shown not only by the outcrop pattern of for
mations but by the attitudes of beds on the crests and 
troughs of major folds, by intersections of bedding and 
cleavage, and by attitudes of minor fold axes. West of 
the Melones fault zone (fig. 148.1) slaty cleavage is 
about parallel to the axial planes of the folds. East 

of it, axial-plane cleavage in some places and bedding
plane schistosity (fig. 148.2) elsewhere are related to 
the large folds having nearly horizontal axes. In small 
areas east of the Melones fault zone, lineations marked 
by elongate fragments in deformed conglomerates and 
tectonic breccias plunge at low angles and are also ap
parently related to the major folds. 

Folds formed during the first stage of deformation 
are truncated by steeply dippingfaultzones (fig.148.1), 
some of which are several miles wide. In much of the 
area east of the Melones fault zone, the early structures 
are also complicated by slip cleavage (White, 1949, p. 
589-590), steeply plunging b-lineations, and minor 
shear and flexure folds. The slip cleavage strikes north 
to northwest and dips steeply eastward or is vertical. 
In some places there has been little movement along 
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FIGURE 148.2.-Photograph showing slip cleavage cutting bed
ding-plane schistosity (dark streaks in light layers) and 
bedding in felsite tuff of Blue Canyon formation on bank of 
South Yuba River, 31;2 miles east of Washington, Calif. 
Penny in upper right shows scale. Surface is normal to bed
ding and nearly normal to slip cleavage. Slip cleavage con
sists of microfaurts in thin-bedded material and shear flexures 
in thicker light beds. Owing to refraction, it makes a larger 
angle wirth bedding in the coarser grained (light) thick lay~rs 
than the finer grained thin layers. Photograph also illus
trates incipent development of second-stage b-linealtions of 
cataclastic origin. At this stage of development, the atJtitude 
of crude prisms resulting from segmentation of beds by move
ment along cleavage planes, depends upon the attitudes of 
bedding and schistosity, rather than direction of movement. 
At a later stage, prisms not normal to the direction of move
ment are divided by new cleavage surfaces into shorter elon
gate elements that are normal to the direction of movement. 

slip-cleavage surfaces (fig. 148.2), but in others the 
bedding has been obliterated by shearing along those 
surfaces. The b-lineations rake nearly down the dip of 

the cleavage and plunge northeastward and southeast
ward. 

Some of the b-lineations are marked by flat triaxial 
ellipsoids derived from fragments that are of pyroclas
tic, epiclastic, and cataclastic origin, others by elongate 
pods of chlorite and mica, by parallel amphibole crys
tals, or by flat slivers along intersecting slip cleavages. 
Lineation of minerals and of fragments are commonly 
associated. Wherever the lineations are associated with 
minor folds, they parallel the fold axes, indicating tha.t 
they are parallel to b. No prevailing sense of regional 
movement has been established : in some places the 
steeply plunging minor folds are all sinistral, but else
where there are isolated dextral folds. Schistosity 
within the fault zones has resulted from shearing and 
recrystallization and is parallel to the fault zones. The 
b-lineations within the fault zones are of the kinds de
scribed above and plunge steeply northeast and south
east. Cleavage, lineation, and minor folds that are of 
different orientations than those grouped in the two sets 
described occur locally. The significance of these has 
not been established. 

After the first stage of deformation was completed, 
Upper Jurassic granitic rocks were emplaced. The 
second stage began before this intrusive episode, but 
may have continued into the period of emplacement of 
the Sierra Nevada batholith, which occurred in middle 
Cretaceous time. 
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149. EARLY CRETACEOUS FOSSILS IN SUBMARINE SLUMP DEPOSITS OF LATE CRETACEOUS AGE, NORTHERN 
SACRAMENTO VALLEY, CALIFORNIA 

By RoBERT D. BROWN, JR., and ERNEST I. RICH, Menlo Park, Calif. 

Several well-known northern California localities 
from which Early Cretaceous fossils have been col
lected are in the a.rea between the town of Sites, north
ern Colusa County, and Logan Crook in southern Glenn 
County. There, a relatively abunda.nt fauna, indicative 
of the Albian stage of the Early Cretaceous, has boon 

found in lenses in the upper part of an unnamed silt
stone sequence immediately beneath the ridge-forming 
V en ado formation (Kirby, 1943) . The presence of 
this fauna at this position is puzzling because the 
underlying rocks have yielded a sparse but distinctive 
Late Cretaceous (Cenomanian) fauna. Evidence 
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FIGURE 149.1.-Geologic sketch map showing exposed rocks of 
Late Cretaceous age and fossil localities along a part of the 
northwestern border of the Sacramento Valley, Calif. 

gathered during detailed geologic mapping suggests 
that the anomalous fossils are derived from older rocks 
and have been redeposited by submarine slumping and 
sliding. 

Sandstone, siltstone, and conglomerate of Creta
ceous age crop out in a north-trending belt along the 
west side of the Sacramento Valley, and dip eastward 
beneath the valley alluvium. One of the units in these 
Cretaceous rocks is the V enada formation, a resistant 
fine- to medium-grained sandstone, which crops out for 
many miles in a series of low ridges near the western 
border of the Sacramento Valley. In most places the 
V en ado formation is underlain conformably by a. thick 
sequence of thin-bedded siltstone, and, in at least one lo
cality, between Hunters Creek and Funks Creek (fig. 
149.1), sandstone at the base of the Venado inter
tongues with the uppermost part of this siltstone. Map
pable lithologic units in the Venado and in the underly
ing siltstone unit parallel each other and fossils from 
these two units indicate a normal stratigraphic succes-

. sion without any appreciable hiatus. The siltstone unit 
contains, among other fossils, Oalycoceras sp., and 

Euomphaloceras sp.1
, which are characteristic of the 

middle and late Cenomanian (Late Cretaceous) stage, 
and the base of the Venado has yielded Inoceramus cf. 
I. labiatus ( Schlotheim), of the Turonian (Late Creta
ceous) stage. 

Fossils of Albian (Early Cretaceous) age have been 
found in a few outcrops of pebbly mudstone 2 directly 
below the basal contact of the V enado, but chiefly as 
float on hill slopes within about a hundred feet below 
the base of the Venado formation. 

The fossils have been found in concretions within the 
blocks of sedimentary rocks, in transported and con
torted resistant beds, and in transported concretions in 
a mudstone matrix. Most of the fossils are character
istic of the Albian stage, and typical forms are: Desmo
ceras (Pseudouhligella) cf. D. da~m;oni Whiteaves, 
Pachydesnwceras colusaense (Anderson), M ortoniceras 
sp., and Inoceramus cf. I. concentricus Parkinson. A 
few fossils of Turonian age have also been collected in 
areas underlain by the pebbly mudstone lenses, but 
these probably are in talus from the overlying Venado 
formation. 

The fossiliferous pebbly mudstone forms a series of 
elongate lenses which, in section, exhibit a channeled 
relation to the unnamed siltstone unit in which they oc
cur (fig. 149.2). The largest lens, about 4 miles north 
of Sites, is a little more than a mile long and as much as 
150 feet thick where it is exposed on a steep west-facing 
hillside. It is planoconvex when viewed in section, and 
its lower surface truncates bedding in the underlying 
siltstone. Its upper surface is apparently a nearly 
smooth plane and coincides with the base of the Venado. 
Other mudstone lenses farther to the north are smaller 
but similar in shape and in their relations to the enclos
ing strata. 

The pebbly mudstone lenses consist of unsorted, un
bedded debris that ranges in size from clay particles 
to blocks as much as 20 feet long. The mudstone may 
contain as much as 20 percent pebbles, which are gen
erally rounded or subrounded, range from a fraction of 
an inch to several inches in maximum diameter, and 
are randomly distributed through the rock. The peb
bles are predominantly volcanic rock of andesitic or 
more siliceous composition, but they also include sedi
mentary, metamorphic, and equigranular intrusive 
rocks. 

Large blocks of sedimentary and plutonic rock are 
exposed at a few places in the pebbly mudstone lenses. 
In many of the larger blocks of sedimentary rock, the 

1 These and other paleontologic determinations listed In this report 
are by Davltl L. JonPs, U.S. Geological Survey . 

2 '£he term "mudstone" Is used here for rocks that are generally un· 
sorted and unstratified and exhibit a range In grain size from clay to 
sand. 
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FIGURE 149.2.-Genel.'lalized geologic section of pebbly mudstone lens about 4 miles north of Sites, Calif., showing transported 
blocks of sedimentary and plutonic rock. Beds dip east about 60°, into the plane of the section. 

bedding is uniform but is inclined at various angles to 
the bedding of other blocks and to the bedding of 
the adjacent rock units .. At a few places thin con
torted beds of fossiliferous sandstone, as much as 100 
feet long and only 1 to 3 feet thick, are ·also enclosed in 
massive pebbly mudstone. Blocks of hornblende
quartz diorite have been noted in a few exposures of 
pebbly mudstone, but most of the blocks, some as much 
as 15 feet on a side, merely project from grass-covered 
slopes along the strike of the mudstone lenses. 

The association of pebbly mudstone, exotic blocks of 
large size, and displaced faunas has been described 
from many areas and from strata of widely differing 
age (Crowell, 1957, p. 994). Such deposits generally 
have been interpreted as debris flows formed by sub
marine slumping, either in response to tectonic activity 
or as an indirect result of turbidity currents. 
The evidence of a similar origin for the mudstone 
lenses beneath the Venado formation is convincing: 

these lenses are· enclosed in an otherwise unbroken se
quence of marine sediments; they are channeled into 
the strata beneath them; their internal lithology and 
structure are typica;l of submarine landslide deposits, 
and they contain dislocated blocks of fossiliferous 
Lower Cretaceous rocks. The mechanism which caused 
the slumping cannot be determined from the evidence . 
now available, but because of the uniform mineralogy 
and large size and the angular shape of the exotic 
blocks of quartz diorite, an origin in which tectonic 
activity played an important part is favored. 

REFERENCES 

Crowell, J. C., 1957, Origin of pebbly mudstones: Geol. Soc. 
America Bull., v. 68, p. 993-1010. 

Kirby, J. M., 1943, Upper Cretaceous stratigraphy of west side 
of Sacramento Valley south of Willows, Glenn County, Cali
fornia: Am. Assoc. Petroleum Geologists Bull., v. 27, p. 
287-289. 

150. GRAVITY VARIATIONS AND THE GEOLOGY OF THE LOS ANGELES BASIN OF CALIFORNIA 

By THANE H. McCuLLOH, Riverside, Calif. 

Work done in cooperation with the Unitversity of California 

The Los Angeles Basin is a topographic lowland and 
Cenozoic sedimentary basin adjoining the coast of 
southern California. It is bordered on the southeast 
by the Peninsular Ranges, on the north by the Trans-

verse Ranges, and on the west by the submarine basins 
and ridges of the continental borderland. 

Diverse types of plutonic igneous and metamorphic 
rocks crop out in the bordering hills and n1ounta.ins and 

'1 
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constitute the basin floor, and in the basin they are un
conformably overlain by Upper Cretaceous and Ceno
zoic sedimentary roeks. Sinking of the basin floor and 
consequent filling of the depression began in Late 
Cretaceous time, but ceased for a while before the end 
of the Cretaceous. Sedimentation was resumed early 
in the Cenozoic era in small areas, and by the begin
ning of late ~1iocene time it had spread throughout the 
basin. The mn.ximum rate of subsidence and filling 
was reached during late ~~[iocene time. Not less than 
30,000 feet of predominantly ma-rine micaceous silt
stone, feldspathic sandstone, and polymictic conglom
erate, ~nostly of ~1iocene, Pliocene, and Quaternary age, 
accumulated in the central part of the basin. 

The present configuration of the floor of the basin 
(fig. 150.1) as deduced from surface geology, well 
data, and reflection seismic data, provides a graphic 
measure of the great structural relief of the basin and 
of its subsidence. 

The Bouguer gravity map (fig. 150.2), though it has 
a. strong general resemblance to the structure contour 
map of figure 150.1 shows that the gravitational effects 
of the local geology are superimposed on a steep basin
wide regional gravity gradient sloping downward to
ward the north-northeast. For this reason, Bouguer 
gravity values at stations near outcrops of pre-Creta
ceous rocks are 100 milligals greater in the southwest
ern part of the basin than in the northeastern part. 
The exact nature and cause of this regional gradient 
are of considerable practical as well as theoretical · 
interest. 

Geologic information of the sort summarized in fig
ure 150.1 combined with data concerning the water
saturated or "natural" bulk density of the rocks, can 
yield a density model from which we can compute the 
approximate gravitational effects of the geology. Lab
oratory measurements of bulk "natural" density of 
rocks have been criticized as being poor approxima
tions of the actual bulk density of rocks in place (Ham
mer, 1950, p. 645), because of changes in the rock dur
ing or after the coring process, and there is no doubt 
that density given by such measurements is consistently 
lower than the actual density of rock in place. Inves
tigations however, of compressibility of sandstone 
(Fatt, 1958, p. 1932) suggest that the errors produced 
by such changes in sandstone and siltstone, which con
stitute most of the fill of the Los Angeles Basin, are 
very small as com pared with errors from other sources. 
Only in shale or claystone, and only after they have 
undergone mechanical changes resulting from dP-hydra
tion follow·ed by wetting, are the determinations of 
natural density seriously or unpredictably in error. 

These conclusions are substantiated by the accuracy 
with which commercial laboratories have estimated 
porosities of Los Angeles Basin rocks in place from 
bulk-density measurements of cores. 

In order to correlate rock density with lithology, 
depth of burial, age, geographic location, and deforma
tional history, the "natural" densities of more than 
2,000 surface and subsurface rock samples from the 
Los Angeles Basin were measured. The results were 
combined with structural and stratigraphic informa
tion to yield a compartmentalized density model of the 
basin. The actual model consists of a series of seven
teen level sections through the basin, each representing 
a rock layer 1,000, 2,000, or 5,000 feet thick, upon 
which isopycnic lines (lines of equal rock density) 
appropriate to the level were drawn. The complex and 
somewhat unpredictable manner in which the isopycnic 
lines transect formational boundaries is shown in ver
tical section by figure 150.3. 

By means of this density model the gravitational 
effects were computed for 100 gravity stations. Con
sidered in this computation are the rocks extending 
from sea level to minus 20,000 feet within a horizontal 
radius of 15 miles of each station, together with those 
extending from minus 20,000 to minus 30,000 feet 
within a horizontal radius of 25 miles. 

Subtraction of the computed gra.vity value for each 
station from the observed gravity value, which was 
corrected for differences of latitude, elevation, and an 
approximation of the densities of the rocks above sea 
level, yiejds a regiona.l residual gravity value. Figure 
150.4 'vas prepared by plotting and contouring these 
values on a map. 

The regional residual gra.vity variations result main
ly from density variations below minus 30,000 feet, 
but to a limited degree from incorrect assumptions con
cerning rock density above 30,000 feet, and from errors 
introduced by the computational procedure. The resid
ual vari~1-tions thus provide. an indirect means of de
termining the deep structure of the crust, and of de
ciphering the sha11ow structure and stratigraphy in 
local areas where geologic or density control is inade
quate. The large positive residual anomaly in the 
southeastern part of the rna p area (fig. 150.4) can be 
exphtined by assuming that the unsampled "basement 
rocks" of that' area include a vertical stock of gabbro 
of the sort that crops out in the. Peninsular Ranges 
southeast of the basin. Similarly, the furrow of nega
tive residual a.noma.ly, peripheral to the posi.tive resid
ual a.noma.ly, disappears if the densities assigned to 
rocks above minus 6,000 feet in tha.t area are decreased 
on the average of 0.1 g per cu em, a change consistent 
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FIGURE 150.1.-Structure contour map on the top of the basement rocks in the Los Angeles Basin, Calif. 
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FIGURE 150:2.-Bouguer gravity map of the Los Angeles Basin, Calif. 

with densities measured from samples obtained after 
the density n1odel was constructed. Revision of the 
density model would eliminate these residual anomalies 
a.nd others of the same kind. The model shows two 
other residual anomalies, however, that must arise 
from density variations below minus 30,000 feet. One 

of these is a slight downbowing near the middle of the 
residual gravity profile of figure 150.3. The only way 
in which this anomaly can readily be explained is by 
assuming that in a small area beneath the central part 
of the basin the bedrock floor is considerably deeper 
than minus 30,000 feet. 
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The regional residual gravity gradient persistently 
sloping to the northeast is clearly due to density varia
tions below minus 30,000 feet, and could be the effect of 
landward thickening of the crust. If one assumes (a) 
that the Mohorovicic discontinuity slopes 15° N. 40° E. 
beneath the basin, (b) that a density contrast of 0.3 g 
per cu em occurs at the discontinuity, (c) that the depth 
to the discontinuity beneath the center of the basin is 
100,000 feet, and (d) that the slope of the discontinuity 
flattens both southwest of the basin beneath the deep 
channel immediately offshore and landward beneath 

the high mountains north of the basin, a theoretical 
profile may be computed that satisfactorily matches the 
residual regional gravity gradient of figure 150.4. 
Other possible profiles based upon different sets of as
sumptions do not fit as well. 
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151. PREVIOUSLY UNREPORTED PLIOCENE MOLLUSCA FROM THE SOUTHEASTERN LOS ANGELES BASIN 

By J. G. VEDDER, Menlo Pa.rk, Calif. 

Sandstone and conglomerate beds in the lower part 
of the Niguel formation of Veddar and others ( 1957), 
which is exposed in the vicinity of San Juan Capistrano 
southeast of Los Angeles,have yielded relatively shal
low water molluscan faunas that suggest correlation 
with similar depth assemblages from several localities 
in the Los Angeles basin and other depositional basins 
in southern California and Baja California. A deeper
water envirnoment is indicated by the fauna collected 
from silty fine-grained sandstone in the upper part of 
the unnamed sandstone, of Pliocene age, which is ex
posed in Upper Newport Bay about four miles north
east of Newport Beach (Vedder and others, 1957). 
The unnamed sandstone assemblage is best correlated 
with a fauna of comparable bathymetric distribution 
from strata in the city of Los Angeles. 

The paleoecology and age of the faunas in the new 
collections are based on molluscan assemblages pre
sumed to be large enough for reliable interpretation. 
Fossils of 124 species and subspecies have been identi
fied in collections from the Niguel formation, and 114 
species and subspecies from the unnamed sandstone. A 
combined total of 205 identified forms includes 26 spe.
cies not hitherto recorded from Pliocene rocks of the 
Los Angeles basin, 16 species not previously reported 
from the Pliocene rocks of western North America, and 
five species whose occurrence in fossil form is not known 
to have been recorded (table 151.1). 

PALEOECOLOGY AND CORRELATION OF ASSEMBLAGES 
FROM THE NIGUEL FORMATION 

The faunal composition of the bulk of the collections 
from the Niguel formation indicates an inner sublit
toral depth facies (low water to 50± fathoms) (Hedg
peth, 1957, p. 18), with a few outer sublittoral (50-+
to 100± fathoms) and intertidal mollusks. Some of 
the living species that are also present in the collec
tions are now found only farther south than the col
lection localities. This suggests that shallow-water 
temperatures off southern California may have been 
slightly higher during part of Pliocene time than they 
are today. l\1ost of the species still living now inhabit 
sandy or rocky bottom that is subjected to little or no 
wave action. 

The formation's content of diagnostic Pliocene mol
lusks is strikingly similar to that of assemblages from 
comparable depth faeies in sediments a.t Santa Maria, 
in the eastern Ventura basin, and at San Diego (table 

TABLE 151.1.-New St1·atigraphio records of selected mollusk& 
from the Nigu.el fonnation and the unnamed sandstone 

[U, collected from upper part of the unnamed sandstone; N, collected from the 
· Niguel formation] 

Not 
previously 
reported in 
fossil form 

Not 
previously 
reported 

Not 
previously 
reported 

Species 
from 

Pliocene 
strata in 
western 
North 

America 

from 
Pliocene 
strata in 
the Los 
Angeles 
basin 

Gastropods: 
Haliotis assimilis Dall? _ ------~--------- U -------------- --------------
Puncturella galeata (Gould) _____________ ------------ U --------------
Puncturella cf. P. cooP.eri Carpenter_ ___ ------------ -------------- U 
"Tegula" montereyi (Fischer) ___________ ------------ U --------------
Tegula regina (Stearns) _________________ N · -------------- --------------

"Turcicula" cf. "T." bairdii DalL __ ·--- ------------ U -------------
Cidarina cidaris (Adams in Carpenter) .. ------------ -------------- U 
Solariella peramabilis Carpenter __ ------ ------------ -------------- U, N 
Pupillaria aresta (Berry) _______________ ------------ U --------------
Caecum californicum Dall _______________ ------------ U --------------
Micranellum cf. M. crebricinctum Car- . 

penter _ _ _ _ _ _ _ __ _ _ __ ___ _ ___ _ _ __ _ _ _ ___ _ _ __ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ U, N 

Spiroglyphus lituellus (Morchn) _________ ------------ U --------------
Bittium cf. B. casmaliense Bartsch. ____ ------------ -------------- N 
"Gyrineum" cf. "G." elsmerense English. ------------ -------------- N. 
"Gyrineum" cf. "G." mediocre lewisii ------------ -------------- N 

Carson. 
Turbonilla cf. T. latifundia Dan and ------------ U 

Bartsch. 
Turbonilla cf. L. halia Dall and Bartsch .. ------------ __ u __________ --------------
Odostomia cf. 0. lastra Dall and Bartsch. U 
Odostomia cf. 0. valdezi Dall and Bartsch. U 
Opalia varicostata anomala Stearns ______ ------------ -------------- N 
Maxwellia cf. M. eldrid7ei (Arnold) _____ ------------ -------------- N 
Forreria wrighti Jordan and Hertlein ____ ------------ -------------- N 
Neptnnea cf. N. smirnia (Dall) __________ N -------------- -------------·· 
Fulgoraria cf. F. oreJonensis (Dall) _____ ------------ -------------- N 
"Cancellaria" rapa Nomland.~--------- ------------ -------------- N 
"Cancellaria" rapa perrini Carson _______ ------------ -------------- N 
Crawfordina fuqleri (Arnold) ____________ ------------ -------------- U 
Crassispira cf. C. zizyphus (Berry) ______ ------------ U --------------
Rectiplanes rot1tla (Dall) ________________ ------------ -------------- U 
Taranis aff. T. strongi (Arnold) _________ ------------ -------------- U 
1\ficroJlyphns breviculus (Dall) __________ ------------ U ------------- .. 
Coleophysis cf. C. harpa (Dall) __________ ------------ U --------------
Cylichna cf. C. attonsa Carpenter. _______ -------------------------- U 

Scaphopods: 
Dentalinm cf. D. pretiosnm NuttalL ____ ------------ -------------- U 
Dentalinm cf. D. semipolitum Broderip ------------ -------------- N 

and Sower by. 
Pelecypods: 

Huxleyia munita (Dall) _________________ ------------ U ---------------
Nnculana aff. N. minuta (Fabricius) ____ ------------ U --------------
Mytilns cf. M. coalingensis Arnold ______ -------------------------- N 
Milneria cf. M. kelseyi Da!L __________ .. ------------ U --------------
Crenella decnssata (Montagu) ___________ ------------ -------------- U ,.· 
Aeqnipecten invalid1ts (Hanna) __________ ------------ -------------- N 
Chlamys aff. C. anaplws Woodring _____ ------------ U --------------
Diplodonta parilis (Conrad) _____________ ------------ -------------- N 
Psephidia cf. P. salmonea (Carpenter) _______ ·------- -------------- U 
Amiantis cf. A. callosa (Conrad) ________ -------------------------- N 
Corbula cf. C. gibbiformis Grant and _______ c ____ -------------- N 

Gale. 
Pandora filosa (Carpenter) ____________ .. ------------ __ ------------ U 
Cardiomya cf. C. pectinata (Carpenter) __ ------------ U --------------

-~-

·r 
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TABLE 151.2.-Moll1tsks from the Niguel formation regarded as diagnostic Pliocene species 1~n southern California, and their previously 
reported distribution in f.ther areas in southern California and Baja California 

[Qualifications or identifications not shown] 

Santa Maria Eastern Ventura Temescal Drea-Olinda area, San Diego 
district basin Canyon, Puente Hills district 

Santa Monica 

Diagnostic forms from the Niguel formation 

Gastropods: 

Careaga sand
stone and upper 

part of Foxen 
mudstone 

(Woodring in 
Woodring and 

Bramlette, 1950) 

Ponwulax gradatus (Grant and Gale) ________________ _ 
"Gyrineum" mediocre lewisii Carson_ _ _ _ _ X 
Opalia varicostata Stearns_ _ _ _ _ _ _ _ _ _ _ _ _ _ X 
Opalia varicostata anomala Stearns_______ X 
Forreria wrighti Jordan and Hertlein ________________ _ 
Calicant.hants humerosus (Gabb) ____________________ _ 
Nassarius moraniamts (Martin)_________ X 
Fulgoraria oregonensis (Dall) _ _ _ _ _ _ _ _ _ _ _ _ X 
"Cancellaria" rapa N omland____ _ _ _ _ _ _ _ _ X 
"Cancellaria" rapa perrini Carson__ _ _ _ _ _ X 
Ophiodermella graciosana (Arnold)_______ X 

Pelecypods: 
Anadara trilineata (Conrad) ___________ _ X 
Anadara trilineata calcarea (Grant and 

Upper part of 
Pico formation 
and lower part 

of Saugus forma
tion (Woodring, 
1930; Winterer, 

1956) 

X 
x• 
X 

X 
X 
X 
X 

x• 
X 

X 

Upper part of 
"Pico" formation Fernando forma

( Woodring in tion (unpublished 
Hoots, 1931) data) 

X 

X 

X 
X 

X 

Gale) ______________________________________________________ ---- _____ - __ -------- ___ _ 

.Mytilus coalingensis Arnold_____________ X ------------ ------------ ------------
Pecten hemphilli Dall_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X X X -- _- _--- ___ _ 
Aeq1tipecten invalidus (Hanna)__________ _ _ _ _ _ _ _ _ _ _ _ _ X ------------ -------- _- __ 
Chlamys parmeleei (Dall) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X X X X 
Patinopecten healeyi (Arnold) _ _ _ _ _ _ _ _ _ _ _ X X X X 
Patinopecten dilleri (Dall) _ _ _ _ _ _ _ _ _ _ _ _ _ _ X X ------------ X 
Lyropecten cerrosensis (Gabb) _ _ _ _ _ _ _ _ _ _ _ X X X X 
Ostrea erici Hertlein_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X ------------ ------------ X 
Chiunefernandoensis English _____ ~------_,___________ X ------------ X 
Corbula gibbijormis Grant and Gale _________________ . X 

I May have been collected from lower part or Pico formation. 
2 Stratigraphic position In the San Diego formation unknown. 

San Diego form
ation at Pacific 

Beach (except as 
notad) (Hertlein 
and Grant, 1944; 

Woodring in 
Woodring and 

Bramlette, 1950; 
Hertlein, oral 

communication, 
1960) 

X 2 

X 
X 
X 

X 2 

X 

X 

X 2 

X 2 

X 
X 
X 
X 
X2 

X 
X 2 

X 2 

Turtle Bay and 
Cedros Isl:md, 
Baja California 

(Jordan and 
Hertlein, 1926; 
Hertlein, 1933) 

X 

X 
X 

X 
X 
X 
X 

151.2). If a two-fold division of the Pliocene of Cal
ifornia is employed, the faunas from the stratigraphic 
units cited in table 151.2 would be rega.rded as of late 
Pliocene age. A late Pliocene age is assigned to the 
molluscan faunas from the Niguel formation primarily 
on the close resemblance of the entire assemblage to 
that of the Careaga sandstone in the Santa Maria 
district ("Voodring in Woodring and Bramlette, 1950, 
~· 62-66, 102-107). 

PALEOECOLOGY AND CORRELATION OF AN ASSEM
BLAGE FROM THE UPPER PART OF THE UNNAMED 
SANDSTONE 

representing intermediate and deeper parts of the sub
littoral zone (estimated depth about 20 to 100 fathoms) 
even though some of the living forms extend downward 
into bathyl depths. As several mollusks occur here 
that now live at these depths only north of southern 
California, the water may have been cooler throughout 
the estimated depth range during part of Pliocene time 
than it is now; or some of these mollusks may then have 
had a greater geographic range than they now have. 
Most of the species in this fauna suggest a sandy or 
muddy habitat. 

A large molluscan assemblage collected from the 
upper part of the unnamed sandstone is interpreted as 

The molluscan assemblage from the upper part of the 
unnamed sandstone is comparable to large faunas of 
similar or slightly shallower depth facies collected 
from upper Pliocene strata in downtown Los Angeles 
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TABLE 151.3.-M ollusks from the upper part of the unnamed sa'f!,dstone that presumably are stratigraphically restricted, and their 
previously reported distribution in upper Pliocene and Pleistocene strata in southern California 

[Qualifications of identifications not shown] 

Previous records 
Species collected from the upper part of the unnamed sandstone 

Late Pliocene Early Pleistocene Late Pleistocene 

Gastropods: 
Pupillaria aresta (Berry) _________________________________________________________ _ X 
Crepidula princeps Conrad___________________________________________ X X (uncommon) X (rare) 
Trochita trochiformis (Born)__________________________________________ X • 
Bittium casmaliense Bartsch__________________________________________ X 
Opalia varicostata Stearns____________________________________________ X 2 

Boreotrophon raymondi (Moody)______________________________________ X X 
"Cancellaria" angelana Hanna________________________________________ X 2 

Crawfordina fugleri (Arnold) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X 2 

Crassispira zizyph us (Berry) ______________________________________________________ _ X 
Pelecypods: 

Pecten bellus Conrad________________________________________________ X X (uncommon) 
X Pecten stearnsii Dall_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X 

Chlamys opuntia (Dall) ___________ ' _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X X 
Chlamys jordani (Arnold) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X a X 
Chlamys anapleus Woodring _____________________________________________________ _ X 
Patinopecten caurinus (Gould)--------------------------------------- X 4 (rare) X X (rare) 
Cyclocardia californica (Dall) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X ('?) 

• Living south of Panama. 
2 Reported only from strata of late Pliocene age. 
s Living in Puget Sound and north. 
' Living north of Pt. Reyes, Calif. 

(Soper a.nd Grant, 1932, p. 1050-1067). Approxi
mately 60 percent of the forms from the upper part of 
the unnamed sandstone are represented in the Los An
geles collections, which are generally considered to be 
of late Pliocene age. This is one reason for regarding 
the molluscan fauna from the upper part of the un
named sandstone as late Pliocene, and another is that 
this unit has yielded several forms hitherto reported 
only from strata of this age (table 151.3). The high 
percentage of species still living, both in the collections 
from downtown Los Angeles .and in those from the 
upper· part of the unnamed sandstone, may indicate a 
slower rate of extinction in the deeper-water facies, 
although it could mean that the faunas are post
Pliocene. 
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152. CENOZOIC SEDIMENTS BENEATH THE CENTRAL YUKON FLATS, ALASKA 

By JoHN R. WILLIAMS, Washington, D.C. 

Work done in cooperation with the Office, Chief of Engineers 

The log of a water well drilled near Fort Yukon by 
Alaska District, Corps of Engineers, U.S. Army, pro
vides the first stratigraphic information on the upper 
440 feet of sediment in the central part of the Yukon 
Flats Cenozoic Basin. The basin consists of the Yukon 
Flats, an alluvial plain of about 9,000 square miles, and 
the bordering marginal upland, an area of dissected 
high terraces and piedmont slopes flanking the sur
rounding highlands. Rocks of pre-Cenozoic age do not 
crop out in the Yukon Flats but are exposed in gullies 
in the marginal upland and in the 200- to 700-foot 
escarpment which separates the upland from the Yukon 
Flats. These rocks are overlain in most places by thin 
deposits of late Cenozoic gravel and loess and in 'one 
area by stratified rocks of early Cenozoic (?) age. 

The Corps of Engineers well was drilled August 7 to 
October 1, 1954, on a stabilized dune approximately 460 
feet above sea level and one-half mile east of Fort 
Yukon. The log of this well appears to contradict an 
earlier report (l\fertie, 1937, p. 16) of bedrock of un
specified type at 237 feet beneath Fort Yukon. The 
1954 well penetrated (a) 48 feet of light tan silty eolian 
sand of Pleistocene or Recent age, (b) 100 feet of gray 
alluvial sandy gravel of Pleistocene age, and (c) 292 
feet of fine sediments ( 172 feet of blue silt, 70 feet of 
gray poorly consolidated silt, 35 feet of silty sand, and 
15 feet of silt). The base of the fine-grained deposits 
was not encountered at a depth of 440 feet, the point at 
which the dry hole was abandoned. Permafrost was 
logged from 8 to 320 feet, and ice lenses were recorded 
in gray silt between 320 and 390 feet. 

A sample collected from·393 feet by Professor George 
S. Tulloch of Brooklyn College was examined for pollen 
by 1V. S. Benninghoff and for microfossils by Harlan 
Herfrquist of the Geological Survey. The s~unple lacks 
Foraminifera but contains pollen. Preliminary studies 

557753 0-60-22 

(Benninghoff, letter l\iarch 7, 1960) show that among 
the tree pollen pine, spruce, alder, birch, hemlock, and 
fir are abundant, and that hickory also occurs. Of 
these, pine, hemlock, fir, and hickory do not grow in 
the region today. 

Information from a single well is insufficient to elim
inate alternate hypotheses of origin and age of the fine
grained sediments at depth in the Fort Yukon well 
a.nd to evaluate the significance of these sediments in 
terms of the origin and history of the Yukon Flats 
basin. The thickness and relatively uniform fine tex
tu're of these sediments and the topographic form of 
the basin suggest that they were deposited in a large 
lake, similar to that postulated by Spurr ( 1898), but 
in late Tertiary to early Quaternary time. The upper 
age limit is fixed by stratigraphic position of the de
posits beneath late Quaternary alluvium. The lower 
limit is late Tertiary, for the incised meanders of the 
Fort Hamlin-Rampart Canyon which are cut across 
tilted Eocene rocks (Collier, 1903) are believed to have 
been inherited from the meandering channel of the 
lake outlet; and the sediments, lying below the altitude 
of the lowest known threshhold in the pre-Cenozoic 
rocks that rim the Yukon Flats, were probably depos
ited in a depression formed by subsidence of the Yukon 
Flats. Preliminary identification of pollen by Ben
ninghoff (written communication) suggests the possi
bility of late Tertiary age for the deposits from 393 
feet, assuming that the pollen had not been redeposited 
from older sediments. · 
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153. THE COOK INLET, ALASKA, GLACIAL RECORD AND QUATERNARY CLASSIFICATION 

By THoRN. V. KARLSTROM, Washington, D.C. 

Work done in cooperation with the Office, Chief of Ennineers 

Quaternary deposits in Cook Inlet, Alaska, record five 
major Pleistocene glaciations. and several Hecent 
glacial advances, all separated by intervals of retreat 
in which alpine glaciers were probably at least as con
tracted as they are today. Late Pleistocene and Recent 
glacial oscillations and related depositional changes are 
now closely dated by more than 50 radiocarbon-dated 
organic samples. Approximate elates for older events 
are obtained by extrapolations controlled by roughly 
quantita:tive geologic data. Each named glaciation and 
advance is here defined in terms of moraines and asso
ciated deposits, in accord with standard procedures 
based on Pleistocene type localities. 

RECONSTRUCTED COOK INLET GLACIAL CURVES 

The Cook Inlet chronology, as represented by the 
moraines deposited by the Tustumena glacier on the 
Keriai Lowland (fig. 153.1, A and 0), is based on geo
logic information that will be discussed in detail in a · 
manuscript report in preparati~n. The positions of 
most named glacial advances are plotted in figure 153.1 
according to distance of end moraines from the existing 
glacier front. The record includes end moraines of 
Knik age; Naptowne end moraines of the Moosehorn, 
Killey, Skilak; and Tanya advances; and Alaskan end 
moraines of the Tustumena and Tunnel advances. 
Lateral moraines and high-level drift of Mount 
Susitna, Caribou Hills, and Eklutna age record more 
extensive glaciations, during which the Cook Inlet 
trough was filled with ice. No end moraines of these 
older glaciations were deposited in the region, and their 

. curves are truncated approximately at the position of 
coalescence of the Tustumena glacier with the Cook In
let .trunk glacier. 

The lower boundary of the N aptowne glaciation is 
elated between 46,000 and 37,000 B.C. (about 45,000 
B.C.). This elating is based on an ionium-uranium 
ratio date of 46,000-31,000 B.C.1 for marine sediments 
recording a major glacio-eustatic. transgression of late 
Knik age; and on the radiocarbon date of 37,000 B.C. 
(Olson and Broecker, 1959) for wood collected from 

1 Sackett, W. M., 1958, Ionium-uranium ratios in marine deposited 
calcium carbonates and related materials: Doctoral thesis, Washington 
University, St. Louis, l\Io. 

stratigraphically higher deposits of early N a.ptowne 
age. Orgn.nic samples from underlying deposits of 
Knik and Eklutna age are all too old to be finitely 
elated by the radiocarbon method. The upper boundary 
of the Naptowne glaciation is placed about 3,500 B.C., 
coincident with the dated culmination in late Tanya 
time of a marine transgression to a sea-level stand about 
5 or 10 feet above present datum. As bracketed by 
the two dated higher sea-level stands, the N a.ptowne 
glaciation records a major glacial cycle of about 40,000 
years. 

Roughly estimated elates for the J{nik, Eklutna, and 
Caribou Hills glacial maxima, respectively, are 50,000 
to 65,000, 90,000 to 110,000, and 155,000 to 190,000 years 
ago. These elates are derived from statistical sampling 
of ~urface boulder concentrations in carefully selected 
sites by (a.) assuming uniform rates of surface weath
ering and (b) assuming that the N aptowne maximum 
occurred 20,000 to 25,000 years a.go. The ;Mount Sus
tina glaciation has not yet been dated by any direct 
means, but it probably occurred at least 200,000 or 250,-
000 years ago. 

Subdivision and dating of post-J{illey mora.ines of 
Skilak age or younger (fig. 153.1, 0) are based on strati
graphic sections and moraine sequences that record 
regional depositional changes conterpporaneous with 
glacial oscillations and are cross-dated by radiocarbon 
measurements. This closely dated part of the chronol
ogy expresses a systematic pattern of glacial oscilla.
tions, with major retreats occurring every 3,000 to· 
4,000 years (about 3,500 years) and important but sub
ordinate retreats occurring every 1,000 to 1,200 years 
(about 1,100 yea.rs). Some smaller oscillations of 
glaciers and sea level that have been recorded are not 
represented on the reconstructed curve. 

Schematic reconstruction of the pre-Skilak part of 
the N aptowne curve is based on the assumption that 
pre-Skilak glacial oscillations were produced by the 
same pulsatory climatic regimen that is recorded by 
the younger deposits. It gives the following extra
polated dates: about 13,500 B.C. for culmi.nation of the 
Moosehorn retreat, about 17,000 B.C. for culmination 
of the retreat just prior to the Moosehorn maximum 
advance, and about 20,500 B.C., 24,000 B.C., and so on, 
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for the earlier intraglacial retreats which presumably 
interrupted the general advance of the Tustumena 
glacier to its maximum extension in Moosehorn time. 
Other Cook Inlet glaciers attained their N aptowne 
maxima during either pre-Moosehorn or post-Moose
horn advances; in this regard their glacial curves would 
differ from the reconstructed Tustumena glacier curve. 

PLEISTOCENE CLASSIFICATION AND 
CORRELATIONS 

The standard North American Pleistocene classifica
tion is subdivided on the basis of moraine boundaries, 
associated stratigraphy, and weathering relations as 
mapped in the midcontinent drift region. Named 
stage and substage events are defined in accordance 
with conventional geologic procedures, from drift de
posits in selected areas (Leighton, 1958). Correlation 
of moraines and related Pliestocene deposits is based 
on the assumption that glaciers and other geologic 
processes responded almost immediately, and at about 
the same time, to widespread paleoclimatic changes. 

Important elements of this classical approach to 
Pleistocene classifications and correlation have been 
questioned recently (by, among others, Miller, 1958; 
Frye and Willman, 1960). Some geologists question 
the use of radiocarbon-dated samples for correlation 
and dating (Antevs, 1957; Miller, 1958). Many of 
these criticisms, however, fail to take account of the 
striking agreement between the reconstructed Cook In
let glacial sequence and the substage sequence of the 
midcontinent Wisconsin stage (when these substage 
events are directly dated from deposits within their 
defined type localities) (fig. 153.1, D), and of other 
independently dated and detailed Pleistocene chronolo
gies (examples in fig. 153.1, B and D). These facts, 
taken together, substantially strengthen the case for: 
(a) widespread paleoclimatic and glacial synchronism, 
(b) utility of radiocarbon samples for dating and cor
relating, and (c) functional validity of the traditional 
approach to Pleistocene classification, based primarily 

on regional mapping of moraines and associated drift 
units in heavily glaciated areas. Climatic controls on 
depositional and erosional processes may, in most cases, 
be more directly inferred from such deposits than. from 
bedded deposits in non-glaciated regions. I therefore 
believe that relatively minor, rather than drastic, re
vision of the standard North American Pleistocene 
classification and nomenclature is in order. 
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154. SURFICIAL DEPOSITS OF ALASKA 

By THORN. V. l(ARLSTROM, Washington, D.C. 

Work done in cooperaHon with the Office, Chief of Engineers 

The surficial deposits of Alaska map (compilation 
scale 1: 1,584,000) provides for the first time a regional 
synthesis of geologic information on the surficial de
posits of the State. A preliminary copy of the map, 
on open-file inspection at 'Vashington, D.C., was ex
hibited by the U.S. Geological Survey at the First 
International Symposium on Arctic Geology, Cal
gary, Canada, January 1960. Final compilation is in 
progress. 

The map, a product of over 50 years of geologic map
ping in Alaska, incorporates field observations of 
numerous geologists, and was compiled in coordination 
with a Survey Committee appointed to compile a gla
cial map of Alaska. Principal collaborators in com
pilation are Henry "V. Coulter, John R. Williams, 
Arthur T. Fernald, David :.M. Hopkins, Troy L. Pewe, 
and I-Iarald Drewes. 

MAP EXPLANATION 

Density and quality of information on surficial de
posits yaries appreciably from region to region in 
Alaska.; the map legend is designed to show available 
information at various levels of completeness. The 
deposits are classified, where possible, into genetic cate
gories including glacial, glaciofluvial, glaciolacustrine, 
fluvial, eolian, volcanic, and coastal-type sediments. 
''There such distinctions are not possible, broader cate
gories are used to show the deposits as sedimentary 
complexes associated with different types of mountain
ous and hilly terrain, and as undifferentiated units in 
unmapped parts of lowlands and broad upland valleys. 

The glacial deposits are subdivided, largely on the 
basis of mora.inal sequence and morphology, into four 
map units ranging in age from early Pleistocene to 
Recent. The age ranges of the nonglacial surficial de
posits are placed in reference to the glacial sequence. 
The moraine units represent the major subdivisions 
recognized in most regions. More refined subdivisions 
made in local areas are shown by lines representing 
significant moraine boundaries within the mapped 
units. The named glacial deposits of published chro
nologies included within each map unit are listed in a 
chart. The chart has been brought up to date by each 
geologist involved, and represents the latest judgments 

on correlations between the monune sequences of 
Alaska. 

In addition to an areal breakdown of deposits into 23 
genetic and age categories, the map shows (a) distribu
tion of present glaciers and ice fields; (b) location of 
significant stratigraphic sections, high-level glacial 
drifts, and erratics, with accompanying brief descrip
tions in an inset; (c) major faults along which surficial 
deposits have been displaced locally ; (d) inferred 
boundaries of submarine glacial drift in coastal areas; 
and (e) regions compiled by each principal contributor 
(presented in an index ma.p and accompanied by a list 
of principal sources of infonnation). 

SCIENTIFIC RESULTS 

The pattern of surficial deposits in Alaska provides 
basic· geologic information bearing primarily on the 
State's Quaternary history. As field mapping con
tinues, refinements in the map and in geologic inter
pretations will follow. 

In figure 154.1 the surficial deposits are generalized to 
show regional units which reflect the major geo
morphic environments and dominant geologic processes 
that affected Quaternary deposition. 

The major areas of coastal sediments are restricted 
to the Arctic coastal plain, the north coast of Seward 
Peninsula, and the large Bering Sea delta formed at 
the mouths of the Yukon and J(uskokwim Rivers. 
Elsewhere emerged coastal sediments are restricted to 
narrow discontinuous zones commonly interrupted by 
abrupt rocky shorelines. "Vhere studied, the coastal 
deposits record complex sea level changes of both 
tectonic and eustatic origin. The present coastal de
posits are much more restricted than in the past, when 
marine regressions accompanying Pleistocene glacia
tions exposed vast areas of shallow sea bottom, par-
ticularly in the Bering Sea. · 

Important areas of fluvial deposits occur in the un
glaciated interior region where thick alluvium under
lies the Yukon and other large va1leys. Likewise the 
main areas of thick eolian deposits lie in unglaciated 
regions bordering heavily glaciated terrain or along 
major valleys of the interior. Deposits with high per
centages of volcanic material are associated with vol-
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canic peaks of Quaternary and Tertiary age along the 
Aleutian chain and in the Wrangell Mountains, and 
with cones and flows of Quaternary age on Seward 
Peninsula. Thick proglacial lake deposits, including 
"ti.ll-like" stony silt, locally underlie basins and trunk 
valleys in or adjoining the glaciated regions, and rec
ord ice damming of regional drainage lines during one 
or more glacin.tions. 

Qun.ternary faulting, recorded by minor offsets of sur
ficial deposits, is concentrated n.long major arcuate pre
Quaternary fn.ult zones cutting underlying bedrock, 
and assists in delineating these regional fault trends as 
important linear elements in the tectonic structure and 
history of the State. Greatest Quaternary movement 
seemingly was concentrated along the Chugach-St. 
Elias fault of southern con.stal Alaska. Elevated 
strn.ndlines and marine deposits along the coast south 
of the fault record notable tectonic displacements dur
ing late Quaternary time. In contrast, the evidence 
along the coast north of the fault indicates essential 
crustal stability over the same time interval. 

The regional pattern of glacial deposits provides 
significant information on the nature of Quaternary 
climatic changes in Alaska. The deposits, recording 

separate, successively less extensive glaciations, form 
subparallel belts flanking the alpine mountain' ranges. 
The regional distribution indicates that the Pleistocene 
glaciers: (a) fed from the same high areas which 
essentially comprise the modern alpine divides, (b) 
were largest near the Pacific coast and progressively 
smaller northward towards the Arctic coast, and (c) 
were more extensive on the south slopes than on the 
north slopes of all the alpine ranges. This regional 
glacial intensity pattern, repeated during each glacia
tion, conforms with the distribution of existing glaciers, 
with regional southward inclination of the modern 
climatic snowline, and with present climatic zonation 
orographically produced by predominant precipation 
supplies from the Pacific Ocean. The pattern reveals 
neither significant differential uplifts between the 
coastal mountains north of the Chugach-St. Elias fault 
and the Alaska and Brooks Ranges nor profound re
gional atmospheric circulation changes throughout the 
period of morainal record. The recorded shifts to
wards more glacial climate thus appear to have been 
produced primarily from increased precipitation rates 
resulting from intensification of atmospheric circula.: 
tion patterns centered, as today, in the North Pacific. 

155. RECENT EUSTATIC SEA-LEVEL FLUCfUATIONS RECORDED BY ARCTIC BEACH RIDGES 

By G. W. MooRE, Menlo Park, Calif. 

Work done in cooperation with the U.S. Atomic Energy Commissio-n 

In the a.reas near Point Hope and Cape Krusenstern, 
on the northwestern coast of Alaska., extensive· barrier 
bn.rs composed of numerous beach ridges have been 
formed since the last major rise of sea level. These 
areas are about 300 km northwest of Bering Strait 
and about 190 km apa.rt. The building of gravel beach 
ridges has prograded the shoreline (moved it seaward) 
approximately 2 km nt Point Hope and 7 km at Cape 
l{rusenstern. Sea level rose nearly to its present posi
tion in this area, (and throughout the world) about 
3000 B.C. (Hopkins, 1959), and the ridges were formed 
more recently. The age of mnny of the ridges can be 
closely estimated from archeologica.I findings. The 
former inhabitants subsisted principally on marine 
mammals, and it is safe to assume that they lived close 

to the sea (Giddings, 1960) ; the present-day Eskimos 
build their houses about 100 m from the shoreline. 
The dated beach ridges thus provide evidence regard
ing former positions of sea level. 

John Y. Cole, Jr., assisted in the geological work. 
The estimates of age were made possible by archeologi
cal studies, especially those of J. L. Giddings of Brown 
University, who made some of his results available 
to us before he had published them. 

The barrier bars extend parallel to the shore for 
about 15 km at both Point Hope and Cape Krusen
stern. The individual beach ridges in the barrier bars 
are remarkably persistent. The highest ridges stand 
about 3 m above sea level. The amplitudes between 
crests and swales may be as much as 2 m, and the 
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crests are, on the average, about 50 m apart. At both 
localities the broader parts of the barriers partly en
close large lagoons. 

The beach ridges were evidently formed either dur
ing storms or during periods when persistent onshore 
winds caused a temporary rise in sea levels. There is 
some evidence that their growth was mainly due to 
persistent winds, for whereas· the total range of ordi
nary astronomical tides in this area is only a few tenths 
of a meter, we have observed that sea level rises more 
than a meter during some onshore winds. But thf, 
beach ridges probably have a broader significance. As 
the number of beach ridges is only a small fraction of 
the number of violent· storms and abnormally high 
wind tides that must have occurred while the ridges 
were being formed, the ridges may record minor world
wide eusta.tic changes of sea level, or may at least mark 
the limits of its fluctuations. 

There are three reasons for regarding this region as 
an especially suitable ·place for finding evidence of 
former small eustatic changes of sea level : (a) The re
gion was not glaciated during the Wisconsin stage, and 
therefore did not then undergo isostatic readjustments 
due to melting of ice; (b) it has not recently been sub
jected to rapid erosion or sedimentation that would 
cause isostatic uplift or down warping; and (c) it does 
not contain epicenters of any recent earthquakes, which 
indicates that it is not tectonically active. There is no 
evidence that any crustal movements have occurred in 
the region during the last few thousand years. Apart 
from the minor irregularities ·associated with the beach 
ridges, the general altitude of beach sediments is re
markably uniform at both Point Hope and Cape 
Krusenstern. 

In the Cape Krusenstern area, which contains the 
oldest ridges, the older beach deposits are slightly lower · 
than the younger ones. The oldest dated b~ach ridge 
at Cape Krusenstern was formed earlier than 2500 B.C. 
(Giddings, 1960, p. 127). The highest part of this 
ridge is about 2m above sea level, whereas comparable 
parts of more recent beach ridges in this area are 3m 
above sea 'level. Beaches older than · 2500 B. C. and 
that are farther from the shore 3!nd nearer the lagoon 
are lower; some are submerged in the lagoon behind the 
cape and are below present sea level, which is here at 
least 3 m higher than it was when the ridges were 
formed. The conditions at Cape Krusenstern may be 
interpreted as follows: Sea level was once considerably 
lower than it is at present, but rose at some time near 
3000 B.C. until it was only about 3 m below its present 
position. Since then it has been slowly rising, probably 
at an uneven rate. The late submergence may con-
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ceivahly have been due to downwarping, but it appears 
far more likely, in yiew of the evidence for the general 
stability of the coast, that the submergence resulted 
from eustatic rise of sea leveL 

At Point Hope the youngest beach ridges have been 
related to an absolute time scale (fig. 155.1) by the 
Tigara culture (A. D. 1300-1700) an~ the Ipiutak cul
ture (A.D. 100--500), which have both been dated by 
the radiocarbon method (Rainey and Ralph, 1959'). 
The oldest beach ridges now preserved at Point Hope 
were formed ·about 200 B. C. Older ridges have been 
removed by wave erosion cutting inward from the op
posite side of the point. The shoreline south of Point 
Hope is prograding at about 80 m a century, and new 
ridges have formed at average intervals of about 60 
years. Two especially high beach ridges indicate that 
sea level may have been relatively high from A. D. 1000 
to 1100 and from 1700 to 1850, and two especially low 

swales indicate that it may have been relatively low 
from 900 to 1000 and from 1400 to 1500. 

Whether these fluctuations are general and accurately 
dated must remain uncertain until similar studies have 
been made in other stable parts of the world. As it 
stands, ho·wever, this evidence from Arctic beach ridges 
indicates that sea level rose about 3 m during the last 
5,000 years, and that the rise was characterized by 
minor fluctuations with ·an amplitude of 1 to-~ m. The 
highest stand of sea level since the Wisconsin stage 
was attained in the 19th century. 
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156. GENERALIZED STRATIGRAPHIC SECTIO~ OF THE LISBURNE GROUP IN THE POINT HOPE A-2 
QUADRANGLE, NORTHWESTERN ALASKA 

By RussELL H. CAMPBELL, Menlo Park, Calif. 

Work done in cooperation wifJl~ the U.S. Atomic Energy Commission 

During the summer of 1959 a stratigraphic section of 
rocks of the Lisburne group, of Early and Late Missis
sippian age, was measured along continuous sea-cliff ex
posures southeast of Point Hope, Alaska. Five distinc
tive lithologic units were recognized in the Lisburne 
group, which has a total thickness of more than 5,700 
feet. The units have been tentatively designated, from 
oldest to youngest, Ml1, Ml2, Mla, Ml4, and Ml5• 

UNIT Mh 

Unit Ml1 is about 165 feet thick where measured and 
is composed of interbedded dark-gray to grayish-black 
silt-clay shnle, medium-gray to dark-gray bioclastic 
limestone, and grayish-black to black chert. The upper 
45 feet consists predominantly of grayish-black shale in 
beds 0.1 foot to 5 feet thick, composed of fine quartz silt 
and clay (illite~) with generally minor amounts of dis
seminated very fine-grained calcite, but it includes a few 
interbeds of dark-gray limestone. The middle 35 feet 
consists of grayish-black chert and minor amounts of 
interbedded dark-gray bioclastic limestone in beds com-

monly about 0.5 foot thick. The lower part of the unit 
consists chiefly of medium-dark-gray mudstone, in beds 
0.1 foot to 8 feet thick, composed of fine quartz silt, clay, 
and some disseminated fine calcite; but this is inter
bedded with minor amounts of partly dolomitized bio
clastic limestone in beds commonly about 0.5 foot thick. 
The bioclasts are chiefly crinoid columnals and Bryozoa, 
but brachiopods and horn corals are locally abundant, 
and the unit contains a few colonial corals and gastro
pods. 

The upper shaly zone locally intertongues with the 
overlying unit, Ml2. The contact of Ml1 with the sand
stone-shale formation that underlies the Lisburne group 
is gradational. 

UNIT Ml2 

Unit Ml2 is about 225 feet thick. It consists wholly 
of light-gray to light olive-gray bioclastic limestone 
composed predominantly of sparry calcite fossil frag
ments ranging from fine sand to very fine pebbles in 
size, with generally minor amounts of very fine quartz 
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silt, cemented with sparry calcite and microcrystalline 
quartz in varying proportions. Microcrystalline 
quartz also commonly forms. rims around fossil frag
ments and spongy intergrowths with calcite that pre
serve organic structures within the fragments. In 
some places fossil fragments have been partly dolom
itized. The chief recognizable fossils are crinoid col
umna.ls and Bryozoa, but brachiopods and horn corals 
are also present. 

The unit is very thick bedded, locally cropping out as 
a single thick bed with a few short, discontinuous, un
even bedding planes. Bedding is expressed internally 
by crinkly uneven laminae at generally regular inter
vals of 0.5 inch to 1 foot. The contact with the over
lying unit Mia is conformable. 

UNIT Mia 

Unit Mia is about 1,650 feet thick and consists pre
dominantly of interbedded dark-gray bioclastic lime-· 
stone and grayish-black quartz-calcite siltstone. It 
contains relatively abundant well-preserved fossils. 
The limestone is composed chiefly of sparry calcite bio
clasts of fine-sand to fine pebble size with variable 
amounts of fine quartz silt, sparry calcite cement, mi
crocrystalline quartz cement, very finely crystalline 
dolomite cement, and, in a few beds, a small amount of 
clay (illite~). Replacement of fossils by microcrystal
line quartz has occurred, and may be found in all stages 
from thin rims around bioclasts, through. spongy inter
growths preserving organic structure, to complete re
placement. The most abundant fossils are crinoid col
umnals and Bryozoa, but brachiopods, horn corals, and 
colonial corals are also locally common. Nodular lime
stone beds containing variable amounts of dark-gray to 
black chert are common at some horizons. Dark chert 
is locally abundant in several zones, chiefly as lenticular 
nodules and irregular angular· masses in limestone. 
The basal 50 feet of unit Mia contains several very thick 
beds of grayish-black quartz-clay-calcite siltstone con
taining sparsely scattered. small pyrite concretions and 
a few pyritized fossils. 

Rhythmic interbedding of limestone beds 0.2 to 1 
foot thick with silt shale laminae 0.01 to 0.1 foot thick 
is characteristic of the unit. The bedding is generally 
regular and continuous, although the bedding surfaces 
are very- slightly undulating to very uneven, the uneven 
surfaces being on nodular beds. The thickness of the 
silt shale interbeds and the abundance of shaly zones 
generally decrease upward. The contact between units 
Mia and Ml4 was arbitrarily placed at the base of the 
lowermost thick-bedded dolomitic limestone, but the 
units grade into each other. 

UNIT M:l, 

Unit Ml4 consists predominantly of light-gray to 
dark-gray very finely crystalline dolomitic limestone, 
interbedded with generally minor amounts of dark
gray partly dolomitized bioclastic limestone and a few 
interbeds and partings apparently consisting largely of 
calcareous quartz clay siltstone. The bioclastic lime
stone consists chiefly of sparry calcite fossil fragments 
ranging in size from fine sand grains to fine pebbles. 
In some beds the fragments are cemented and in places 
partly replaced by very finely .crystalline dolomite; in 
other beds they are in a matrix of microcrystalline cal
cite or dolomite or both. Light-gray and dark-gray 
chert commonly forms nodules and continuous and dis
continuous layers in some limestone beds. The chert 
content varies greatly from bed to bed, and also along 
the strike of individual beds. About 140 feet below 
the top of the unit is a zone of breccia about 400 feet 
thick, composed of very small to very large fragments 
of chert and dolomitic limestone in a microcrystalline 
matrix that is predominantly dolomite. Crinoid col
umnals and bryozoa predominate in the bioclastic 
limestone, blilt horn corals, colonial corals, brachiopods, 
and a blastoid (Pentremite8n were also found. A 
total of about 3,330 feet of strata was assigned to unit 
Ml4 where the section was measured. An unknown 
thickness has been faulted out of the upper part by 
three high-angle faults, one of which forms the contact 
with the unit Ml5. 

Irregular interbedding of thin, medium, thick, and 
very thick beds is characteristic of the unit. Very 
thick beds, one as much as 140 feet thick, of crystalline 
dolomitic limestone are relatively abundant ~nd com
monly show internal horizontal and gently cross
stratified current lamination, brought out by low-con
trast color banding. The bedding planes are commonly 
even but many are discontinuous. 

The contact between units Ml4 and Ml5 is a high
angle fault where well exposed on the sea cliff, but 
probably only a few hundred feet of strata are missipg. 

UNIT M:ls 

Unit Ml5, the youngest unit of the Lisburne group, 
is about 330 feet thick in the incomplete section meas
ured. It consists of interbedded grayish-black chert, 
dark-gray to medium-dark-gray calcareous and non
calcareous siltstone and mudstone, dark-gray to light 
medium-gray very finely crystalline to microcrystal
line calcitic limestone, and a smaller amount of green
ish-black to dark-greenish-gray chert and noncalcare
ous argillite. Most of the chert is in beds 0.1 foot to 
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2 feet thick, with slightly uneven but generally con
tinuous bedding surfaces. The limestone beds contain 
variable but generally small amounts of nodular chert. 
The siltstone and mudstone beds range from .less than 
0.1 foot to 3 feet in thickness. The limestone is com
monly in beds 0.6 to 1 foot thick The bedding is 
generally continuous, regular, and even. Fossils are 
very rare, but a few gastropods were collected from one 
siltstone bed. 

The contact with the overlying Siksikpuk formation, 
of Permian(?) age, is a high-angle fault where the 
rocks are well exposed. Further inland, however, the 
config:uration of the contact, together with the presence 
in unit Ml5 of interbedded greenish-gray chert and 
argillite resembling rocks in the Siksikpuk formation, 
suggests that the Siksikpuk grades into the Lisburne 
group, and that the missing part of the measured sec
tion is not more than a few hundred feet thick. 

157. A MARINE FAUNA PROBABLY OF LATE PLIOCENE AGE NEAR KIVALINA, ALASKA 

By D. M. HoPKINS and F. S. MAcNEIL, Menlo Park, Calif. 

In 1957, the Rev. Milton Swan of Kivalina, Alaska, 
found a beautifully preserved shell of Patinopecten 
(Fortipecten) hallae (Dall) near Kivalina, Alaska, on 
the coast of Chukchi Sea about 200 miles north of Ber
ing Strait (fig. 157.1). Because of the importance of 
the find (Hopkins, 1959, p. 1521) Hopkins visited the 
IGvalina locality briefly in 1959 to examine the strati
graphy and to collect additional fossils. This report 
summn.rizes the results of field observations by Hopkins, 
and studies of the mollusks by MacNeil, of the Foramin
ifera by Ruth Todd, and of the ostracodes by I. G. 
Sohn. 

GEOLOGIC SETTING 

The fossiliferous sediments lie at the inner edge of a 
coastal plain that fringes the Chukchi Sea coast from 
30 miles to the northwest to 150 miles to the southeast 
of IGvalina. Northwest of IGvalina Lagoon, the 
coastal plain consists of a nearly horizontal surface less 
than 25 feet above sea level, terminated at its inner edge 
by a scarp (fig. 157.1), apparently carved in uncon
solidated material, that is similar in appearance and 
altitude to the ancient wave-cut scarp of Second Beach, 
of Sangamon age, at Nome (MacNeil, Mertie, and 
.Pilsbry, 1943 ; Hopkins, MacNeil, and Leopold, in 
press). Inland from this scarp a smooth surface slopes 
gently upward, but just north of Kivalina Lagoon and 
about 50 feet above sea level it is interrupted by a sec
ond row of scarps carved in bedrock. The marine 
fossils were obtained near the projected trend of the 
second row of scarps, in a small valley that enters the 
l{ivalina River about 1.3 miles above Kivalina Lagoon. 
The second row of scarps probably represents a wave
cut cliff carved during the maximum landward trans-

gression of Chukchi Sea during late Cenozoic time; it 
may represent the shoreline at the time that the fossili
ferous sedime:J!tS were deposited. 

The marine fauna was obtained from black organic 
clay, pebbly clay, and silty sand, having a total thick
ness of 10-15 feet. The sediments rest upon limestone 
bedrock containing abundant corals of Mississippian 
age (Helen Duncan, written communication, 1960), and 
are overlain by 10 to 15 feet of light olive gray sand
free pebble gravel and sandy pebble gravel and 5 to 10 
feet of windblown silt (fig. 157.2). The base of the 
marine clay lies 17.5 feet above the surface of the Kiva
lina River and probably about 20 feet above sea level; 
the top lies about 30 feet above the river. Scattered 
through the basal layers 'are poorly rounded cobbles and 
boulders as much as 3 feet across, some consisting of 
limestone perforated with pholn.d borings, and others of 
pebble conglomerate and basalL The fauna obtained 
from the marine clay is listed in table 157.1. 

The pebble gravel overlying the fossiliferous marine 
clay is considerably more extensive than the clay itself; 
it rests directly on the limestone bedrock along the 
north bank of the Kivalina River downstream from 
the creek in which the marine clay is exposed, and it 
may extend throughout the gently sloping area at the 
inner edge of the coastal plain north of l{ivalina La
goon. Although the gravel is only 10 to 15 feet thick 
where it overlies the marine clay, it is at least 30 feet 
thick nearer Kivalina Lagoon. 

The gravel copsists chiefly of pebbles of chert and 
limestone a quarter of an inch to an inch in diameter; 
the small pebbles are well rounded, but the large ones 
are subrounded to subangular. Limestone pebbles in 
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FIGURE 157.1.-Location of fauna probably of Pliocene age near Kivalina, Alaska. Hachures represent scarps believed to be 
ancient wave-cut cliffs. The lower scarp was probably formed during the last Pleistocene interglacial interval; the upper 
scarp (between the 50- and 100-foot contours) may have been formed during Pliocene time. Base map adapted from 
Coast and Geodetic Survey preliminary topographic sheets 

the gravel are strongly leached. Where the gravel rests 
directly on bedrock, the basal layers contain boulders 
of basalt and limestone one or two feet in diameter, 
some of which are riddled with pholad borings. No 

Cenozoic fossils have been found in the gravel. The 
fineness of the gravel, the lack of a sandy matrix in 
some layers, and the pholad-bored boulders in the basal 
layers suggest that the gravel is a marine sediment, but 
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TABLE 157.1.-List of fossils from marine clay near Kivalina, 
Alaska, and their occurrence at Nome, Alaska, and in Bering 
and Chukchi Seas t 

Third 
Subma- Beach-

rine Int. 

Recent 
Second in Ber
Beach ing and. 

Chukchi 
Seas 

Beach Beach 

--------------·------------
Pelecypoda: 

Patinopecten (Fortipecten) hal-
lae (Dall) __________________ ? 

Astarte hemicymata DalL _______ X X 
Astarte nortonensis MacNeil ____ X X 
Cardita ( Cyclocardia) subcras-

sidens MacNeiL ____________ X X X 
Card ita ( Cyclocardia) crebico-

stata (Krause) ______________ X X X 
Serripes groenlandicus (Brugi-

ere) _______________________ 
? ------ X 

Mya sp. (truncata or japonica) __ X X X 
Saxicava arctica (Linne) ________ X X X 

Gastropoda: 
Admete or Buccinum ____ _______ X X ------
Neptunea aff. N. ventricosa 

(Gmelin) ____________________________________ _ 
Colus aff. C. halibrectus DalL ___________________ _ 
Boreotrophon sp. cf. B. rotun-

datus (Dall) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ________________ _ 

Polinices pallida Broderip and 
Sowerby _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ____ _ 

Foraminifera: 
Buccella inusitata Andersen____ X ___________ _ 
Elphidiella hanna1· (Cushman 

and Grant) ________________ _ 
Elphidiella nitida Cushman ___ _ 
Elphidium clavatum Cushman __ _ 
Elphidium orb?"culare (Brady) __ _ 
Elphidium subarcticum Cushman_ 
Quinqualoculina seminulum 

X 
X 
X 
X 
X 

X 
X 
X 
X 

X 

(Linne) _____________________________________ _ 

Ostracoda: 
Clithrocytheridea sp _ _ _ _ _ _ _ _ _ _ _ ? _ _ _ _ _ _ _ ___ - _ 
H aplocytheridea sp _____________________________ _ 
Cytheridea?s.l. sp _______________________________ _ 

Hemicytherura? SP------------ ------------------
'1Cythereis" s.l. sp _______________________________ _ 

Gen. aff. Trachyleberi~ sp _______ ------ ------ ------
Gen. aff. LQXoconcha SP-------- ------ ------ ------

X 

X 

X 
X 
X 

X 

X 
? 

? 

X 

X 

X 

X 

X 

? 
? 
? 
? 
? 
? 
? 

• Fossil occurrences at Nome from MacNeil, Mortie, and Pllsbry (1943) and Hop
klns, MacNeil, and Leopold (in pre~s). Recent occurrences in Berlng and Chukchi 
Soas from those sources and from MacGinitie (1959), Loeblich and Tappan (1953), 
and Patsy Smith, table 3 in Scholl and Sainsbury (1960). 

the relatively poor rounding of the larger pebbles sug
gests a fluvial origin. 

AGE AND AFFINITIES OF THE FAUNA FROM THE 
MARINE CLAY 

The fnuna in the marine clay near Kivalina is prob
ably of late Pliocene nge but possibly of early Pleisto
cene nge. It is closely similar to both the fauna of 

Submarine Beach (probably late Pliocene) and that of 
Third Beach-Intermediate Beach (middle Pleistocene) 
at Nome (table 157.1). The stratigraphic relations, 
however, suggest a correlation with Submarine Beach 
rather than with Third Beach-Intermediate Beach. 
The fauna is generally similar to Pliocene and .Pleisto
cene molluscan faunas from the Gubil,{ formation in 
northern Alaska described by MacNeil ( 1957), and 
quite different from Miocene and Pliocene molluscan 
and foraminiferal faunas from the Nuwok formation 
of Dall ( 1919) of northeastern Alaska described by 
MacNeil (1957) and Todd (1957). One of the ostra
code species, Olithrocytheridea sp., is present in the 
Gubik formation, and the others are similar to un
described species in the Gubik formation (I. G. Sohn, 
written communicntion, 1960). 

Representatives of all of the mollusks except 
Patinopecten (Fortipecten) hallae and Astarte hemicy
mata, and of all of the Foraminifera except Elphidiella 
hannai and Elphidiella nitida, are found in Bering and 
Chukchi Seas today. Patinopecten (Fortipecten) 
hallae and Astarte hemieymata are extinct; Elphidiella 
hannai and Elphidiella nitida have been reported as 
living forms only from the North Pacific Ocean. The 
presence of Fortipecten in the Kivalina fauna con
stitutes strong evidence for regarding that fauna as 
Pliocene, because in Japan and Sakhalin that subgenus 
is confined to beds of Pliocene age ( Y abe and Hatai, 
1940; K. Kobayashi, written communication, 1959). 
However, Fortipecten could not have reached Kivalina 
until Bering Strait came into existence, and Hopkins 
( 1959) presents evidence indicating that the first sea
way through Bering Strait opened no earlier than late 
Pliocene time. 

A minimum age for the marine clay is established by 
the stratigraphic relations between the overlying gravel 
and the windblown silt by which the gravel is itself 
overlain. Study of air photos suggests that the low
l~nd southeast of the ·Kivalina River represents an out
wash plain mantled within the area of figure 157.1 by 
marine sediments of Second Beach ( Sangamon) age. 
This plain terminates to the east against moraines re
sembling those of the N orne River glaciation, of Illi
no ian age, at N orne. The gravel overlying the fos
siliferous marine clay lies above the level of the pre
sumed outwash plain and therefore is probably older. 
The windblown silt overlying the gravel is probably of 
the same age as the nearby outwash and therefore 
largely of Illinoian age. If this reasoning is correct, 
the marine clay can be no younger than middle 
Pleistocene. 

The physical stratigraphy indicates that the marine 
clay is the correlative of either Submarine Beach or 
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FIGURE 157.2.-Sediments exposed in valley of small tributary entering Kivalina River 1.3 miles above Kivalina Lagoon. Sur
face of Kivalina River at left is probably less than 5 feet above sea level. 

Third -Beach-Intermediate Beach at Nome (Hopkins, 
MacNeil, and Leopold, in press). The fauna is more 
closely similar to the fauna of Submarine Beach than 
to that of Third Beach-Intermediate Beach· at Nome; 
and the presence of F ortipecten provides strong evi
dence for a late Pliocene age and for correlation with 
Submarine Beach at Nome. 
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158. POSSIBLE SIGNIFICANCE OF BROAD MAGNETIC HIGHS OVER BELTS OF MODERATELY DEFORMED 
SEDIMENTARY ROCKS IN ALASKA AND CALIFORNIA 

By ARTHUR GRANTZ and IsiDORE ZIETZ, Menlo Park, Calif., and Washington, D.C. 

Regional aeromagnetic surveys over the Cook Inlet 
and Copper River Low lands, Alaska, and the northern 
and central Great Valley, Calif., record broad total in
tensity magnetic highs over the belts of Jurassic and 
Cretaceous marine sedimentary rocks that underlie 
these areas. These highs are parallel to the major geo-

logic features in each area, and are absent over parallel 
belts of more severely deformed sedimentary rocks of 
similar age, which occur in the bordering Chugach 
Mountains and Alaska Range in j\laska and the Coast 
Ranges in California. Available magnetic data over 
the Jurassic slate and greenstone belt in the foothills 
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FIGURE 158.1.-Aeromagnetic profiles .across Copper River Lowland, Alaska, and Great Valley and Coast Ranges, Calif. 
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of the Sierra Nevada, which borders the Great Valley 
on the east, record so n1any magnetic features of shal
low origin that it is difficult to determine whether or 
not broad magnetic highs occur there. 

Aeromagnetic profiles across the moderately de
formed rocks of the low land areas and the parallel 
b~lts of more severely deformed sedimentary rocks are 
shown in figures 158.1 and 158.2. The anomalies are 
seen more clearly if viewed with respect to the sloping 
regional magnetic gradient. An aeromagnetic map of 
the northern and central Great Valley is shown in fig
ure 158.3. 

The magnetic high over the Cook· Inlet Low land 
trends northeastward for at least 150 miles, is 50 to 75 
miles wide, and has a maximum observed amplitude of 
about 5·00 gammas. The magnetic high over the south
ern Copper River Lowland trends eastward for at least 
60 miles, is 35 to 40 miles wide, and has an amplitude 
of about 400 gammas. The anomaly over the northern 
and central Great Valley trends northwest along the 
valley for at least 180 miles, is about 30 miles wide, and 
ranges in amplitude from a few hundred to more than 
1,000 gammas. A broad positive Bouguer gravity 
·anomaly with about the position and width of the mag
netic anomaly was found in the Great Valley between 
the latitudes of Sacramento and Sutter Buttes by 
George A. Thompson and Manik Talwani (oral com
munication, March 1960). 

The size and gradients of the broad magnetic anoma
lies suggest that they are produced by areally extensive 
and thick rock masses that are more magnetic than the 
surrounding rocks. Depth estimates based on these 
gradients, patterned after the methods described by 
Vacquier and others ( 1951), indicate that a magnetic 
rock mass may lie 5 to 10 miles beneath Cook Inlet and 
perhaps as much as 10 miles beneath the southern 
Copper River Lowland. Depth estimates also indicate 
that the irocks produCing the Great Valley anomaly 
are buried about 5 to 10 miles, but sharper, superim
posed anomalies yield depths that approximate the base 
of the Mesozoic and Tertiary sedimentary rocks. Be-

. cause they are mttgnetic and very large, the rock masses 
which produce the broad magnetic highs are thought 
to be igneous. 

The Cook Inlet and Copper River Lowland anomalies 
occur over marine sedimentary rocks deposited in the 
Matanuska geosyncline (Payne, 1955), which at least 
in places was a narrow depositional trough. This geo
syncline received a thick section of sedimentary rocks of 

. Middle Jurassic to Late Cretaceous age and extended 
for at least 800 miles from the upper Chitina Valley 
near the Alaska-Yukon border to a point beyond He
rendeen Bay near the tip of the Alaska Peninsula. The 

Great Valley anomaly occurs over a bel_t of marine sedi
mentary rocks of Late Jurassic to Late Cretaceous age. 
The crests of the magnetic higl~s lie several miles north 
and a few miles east, respectively, of the thickest part 
of the Mesozoic sedimentary prisms in the Copper River 
Lowland and the Great Valley, and are probably -on the 
more stable side of the troughs in which the sediments 
were deposited. 

The late Mesozoic sedimentary rocks in the Mata
nuska geosyncline and the Great Valley are character
ized by sandstones that are gradational in lithology be
tween wacke and arenite. They are generally somewhat 
better sorted than the sandstones in the parallel belts 
of slate or shale and graywacke in the Chugach Moun
tains a1,1d the Alaska Range in Alaska, and in the Fran
ciscan . formation in the Coast Ranges of California. 

The sequences of slate or shale and graywacke are 
apparently very thick, for, although they are intensely 
folded and faulted, they are the only rocks that crop 
out over large tracts of mountainous terrain. Their 
apparent great thickness, poor sorting, and lenticu
larity, and the presence of interstratified volcanic rocks 
in some areas, suggest that they were deposited in un
stable or ;tectonically active deep geosynclinal troughs 
with steep slopes. The sedimentary rocks of the Mata
nuska geosyncline and the Great Valley are better 
sorted, probably thinner, and lack interstratified vol
canic rocks except thin beds of volcanic ash. They seem 
to have been deposited in more stable and shallower geo
synclinal troughs than the sequences with graywacke. 

Structural deformation of the sedimentary rocks of 
the Matanuska geosyncline and the Great Valley is char
acteristically· gentle to moderate. In contrast. the par
allel belts with graywacke are severely deformed. The 
marked difference in structural deformation between 
the belts of contrasting lithologic aspect indicates that 
the area of the Matanuska geosyncline and of the Great 
Valley continued to be tectonically more stable in latest 
Mesozoic and Cenozoic time than the belts containing 
slate or shale and graywacke. 

There may be a casual relationship between the ex
istence of the rocks that produce the broad magnetic 
highs and the structure and lithology of the sedimen
tary prisms that overlie them. This could be true if 
the magnetic rock masses are structurally more compe
tent than the rocks under the severely deformed belts, 
where such broad magnetic highs were not observed. 
Large competent igneous masses beneath the Matanuska 
geosyncline and the Great Valley could explain t.he 
more stable late l\1esozoic depositional environment of 
these areas and their subsequent greater structural 
stability. 

The suggested contrasts in structural competence be-
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tween the rocks underlying the moderately and the se
verely deformed belts of sedimentary rocks cannot be 
considered as established by the data at hand, and must 
be tested by other geophysical methods. For example, 
it is possible that large, nonmagnetic, structurally com
petent rock masses underlie the severely deformed belts. 
Magnetic studies of other areas with analogous struc
tural and stratigraphic conditions are desirable to de
termine whether the association of the magnetic highs 
with the tectonically more stable sedimentary belts is 
more than a local coincidence. 
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159. STRATIGRAPHY AND AGE OF THE MATANUSKA FORMATION, SOUTH-CENTRAL ALASKA 

By ARTHUR GRANTZ and DA vm L. JoNEs, Menlo Park, Calif. 

A thick sequence of dark-gray siltstones and shales 
and light-colored sandstones and conglomerates, all of 
marine origin, is wen exposed in the narrow Matanuska 
Valley, which extends westward from the southwest 
Copper River lowland to the town of Palmer (see inset 
map, fig. 159.1). Martin and l{atz (1912, p. 34-39) 
measured a section of these rocks and were the first to 
show that they were of Cretaceous age. Martin ( 1926, 
p. 317) stated that these rocks "* * * have a broad ex
tent and attain a great thickness in the Matanuska 
Valley, but they apparently constitute only a single 
formation * * *", and he proposed that they be named 
the Matanuska formation. 

Mapping by Grantz in the Nelchina area in 1952-57, 
followed by a stratigraphic reconnaissance by Grantz 
and Jones farther west in the Matanuska Valley in 
1959, demonstrated that several lithologic units within 
the formation can be mapped in the Nelchina area, and 
that at least two units can be distinguished by recon
naissance methods in the structurally and stratigraph
ically complex Matanuska Valley. The difference in 
the number of units that can be distinguished in the 
two areas arises from the fact that the structure is 
simpler, and the exposures more complete, in the Nel
china area than in the Matanuska Valley. The units 
recognized in the N elchina area are designated in the 
schematic columnar sections of figure 159.2. Many of 
these units are limited at the top by unconformities that 
record deep erosion. The number indicates that the 
Matanuska formation was deposited in an unstable 
seaway. 

In the Nelchina area the Matanuska formation un
conformably overlies beds of Sinemurian to N eocomian 
age and is succeeded by coal-bearing rocks of Paleocene 
or early Eocene age, but the contact at the top of the 
Matanuska has not been observed. In the Matanuska 
Valley the Matanuska formation probably rests direct
ly on Lower Jurassic rocks in most places, and regional 
relations indicate that it is unconformably overlain by 
the Chickaloon formation, of Pa.leocene or early Eocene 
age. As it is here more indurated and more deformed 
than the Chickaloon formation, it was probably in
volved in tectonic events that occurred before the Chick
aloon £ormation was deposited. · 

Study of the numerous collections of mollusks ob
tained from the formation, and determination of their 
ages, was begun by Ralph W. Imlay and completed by 
David L. Jones. These mollusks can be grouped into 
assemblages of Albian, Cenomanian, Turonian, Cam
panian, and Upper Campanian and Maestrichtian(~) 
ages. The critical fossils of these assemblages are listed 
in table 159.1. Their position in the lithogenetic units 
is shown in figure 159.2, and the locations ofthose col
lected in the Matanuska Valley are shown in figure 
159.1. 

Albian fossils occur in hard siltstones with sandstone 
interbeds along the north front of the Chugach Moun
tains from Palmer to Tazlina Lake, and in distinctly 
different soft coaly sandstone and abundantly fossil
iferous. claystone that crop out in the northern part of 
the N elchina area. The difference bet~een these rocks 
is due .in part to structural deformation, which was ac-
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tive along the Chugach Mountains but not in the north
ern "N elchina area. This deformation occurred before 
the overlying Cenomanian to Maestrichtian rocks were 
deposited. 

The structural contrasts in the Albian sedimentary 
rocks, the rapid coarsening and other changes in the 
lithology of Cenomanian and Turonian sedimentary 
rocks in approaching the north front of the Chugach 
Mountains, and the absence of Bajocian to Valanginian 
beds in the south part of the N elchina area suggest that 
during post-Valanginian Cretaceous time and much of 
Matanuska time the area of the northern Chugach 
Mountains was positive and contributed sediment to 
the Matanuska formation. A more important source 
of sediment, however, and probably a larger landmass, 
lay to the north of theN elchina area. 

TABLE 159.1.-Fossil assembla-ges a,nd ct-iticaZ fossils found in the 
Ma.tanuska, format·ion 

Lithologic unit Age and josails 

E Upper Campanian and Maestrichtian ( '!) 
PachydiSetts ( N eodesmocems) u. sp. 
Pachydisvus ootacodensis ( Stoliczka) 
Pachydismts n. sp. 
Psettdophyllites indm (Forbes) 
Bamtlites occidentalis Meek 
Bac.ulites n. sp. 
Didyrnoceras hon~;byen8e (Whiteaves) 
Diplonwcems notabile Whiteaves 
Inoceranws snbu.ndatus Meek 

D Campanian 

Inocemnws schmiclti Michael 
A napachydiscus sp. 
Helcion cf. H. giga.ntetts Schmidt 
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TABLE 159.7.-Fossil assemblages and critical fossils found in the 
M atanuska formation--Continued 

Lithologic unit Age and fossils 

C Turonian 
Inoceramus aff. I. corp1.tlentus McLearn 
Sciponoceras aff. S. bohemious (Fritsch) 
Inoceramus woodsi Boehm (=Inoceramus 

costellatus Woods) 
Mesopuzosia indopacifioa (Kossmat) 
Tetragonites aff. T. glabrus ( Jimbo) 
Inoceramus aff. I. cuvierii Sowerby 
Otoscaphites ptterculus (Yabe) 

B Cenomanian 
Calycoceras sp. indeter. 
Desmoceras ( Pseudouhligella) jap011,icum 

Yabe 
Inoceramus n. sp. aff. I. yabei Nagao and 

Matsumoto 
A Albian 

Brewericeras hulenense (Anderson) 
Freboldiceras singulare Imlay 
Beudanticeras glabrum (Whiteaves) 
Lemuroceras sp. 

Because of the northward coarsening in some units, 
the northward thinning and overlapping of others, and 
the beach deposits and coal in the basal Albian deposits 
of the northern N elchina area, it seems likely that the 

north edge of the Matanuska seaway was not far be
yond the present northern limit of the Matanuska 
formation in the N elchina area .. 

The Matanuska formation underlies a part of the 
Cook Inlet lowland and much of the southern Copper 
River lowland. Since the formation is very thick (see 
fig. 159.2), consists predominantly of dark-gray marine 
siltstone and shale, and contains abundant mollusks, 
foraminifers, and radiolaria in many beds, it may be 
a source of petroleum ih the . Cook Inlet and Copper 
River lowlands. In the Nelchina area, however, pre
liminary tests of porosity and permeability based on 
a few samples collected at the surface suggest that 
reservoir rocks may not be abundant even among the 
beds of sandstone and conglomerate which occur in the 
formation there at many levels. 
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160. RADIOCARBON DATES RELATING TO THE GUBIK FORMATION, NORTHERN ALASKA 

By HENRY W. CouLTER, KEITH M. HussEY, and JoHN B O'SULLIVAN, Washington, D.C., Iowa State University, 
Ames, Iowa, and Iowa State University, Ames, Iowa 

Radiocarbon dates indicate that deposition of the 
upper member of the Gubik formation near Barrow 
was initiated· prior to 38,000 years B.P. and was termi
nated prior to 9,100 years B.P. In the eastern part 
of the Arctic coastal plain province the Quaternary 
Gubik formation, consisting of as much as 150 feet 
of unconsolidated marine and nonmarine gravel, sand, 
silt, and clay, unconforma:bly overlies the Upper Cre
taceous Colville group (Miller, Payne and Gryc, 1959, 
p. 106). Near Barrow the upper member of the for-. 
mation comprises 15 to 25 feet of tan, fine-grained 
sand with cross-bedded gravel lenses and contains an 
extensive marine fauna. 

A log (sample W -380) from the base of the upper 
member of the Gubik formation has been dated at 
greater than 38,000 years. Although not found in 

growth position the log showed no evidence of the de
gree of abrasion which would be expected if it had been 
successively buried, uncovered, and redeposited. Fur
thermore, the unweathered condition of the wood sug
gests that it did not remain long at the surface prior 
to buriaL Consequently, the log cannot predate the 
enclosing deposits by more than a relatively short 
period and deposition of the basal sediments must have 
begun more than 38,000 years ago. 

Bedded lacustrine silt, deposited in thaw-lake basins, 
overlies the upper member of the Gubik formation in 
many localities near Barrow. Pits dug in the bottom 
of an artificially drained lake basin 4 miles south of 
Barrow show two peat-bearing beds in lacustrine silt, 
one 12 inches and the other one 44 inches below the top 
of the lake deposits. Radiocarbon age determinations 

.-
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on samples from these two beds give dates of 3,540-+-300 
years ("T-432) and 9,100±260 years (vV-847) respec
tively. Therefore, the uppermost beds of the Gubik 
formation were deposited more than 9,100 years ago. 
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161. METASEDIMENTARY ROCKS IN THE SOUTH-CENTRAL BROOKS RANGE, ALASKA 

By WILLIAM P. BRoso:E, Menlo Park, Calif. 

Devonian and older metasedimentary rocks and post
Devonian mafic intrusive rocks form most of the south
ern Brooks Range in the John River-"\Viseman area 
(fig. 161.1). The Lisburne group and Kayak shale of 
Mississippian age and the Kanayut conglomerate, in 
contact with the underlying sandstone of Late Devonian 
age, occur only near the crest of the range. The Kan
ayut conglomerate wedges out southward beneath Mis
sissippian rocks. South of the crest a thick unit of 
black slate and phyllite lies beneath the Upper Dev
onian sandstone and rests with apparent conformity 
on the Skajit limestone and with apparent unconform
ity on Middle(~) Devonian and older chloritic to cal-· 
careous schists, chloritic phyllites, black siltstones and 
limestones. 

Although the Skajit limestone has been referred to 
the Silurian (Schrader; Smith and Mertie), in the type 
area on the John River it seems related to limestone 
thnt is locally interbedded in the basal part of the black 
slate and phy Bite unit and that contains fossils of 
Mid~le ( ~) Devonian age. Furthermore, fossils of 
Middle or Late Devonian age were collected by I. L. 
Tailleur (personal communication, 1955) in the West
ern Brooks Range from limestone which had been 
mapped as Skajit by Smith and Mertie (1930). The 
black slate-phyllite unit that overlies the Skajit lime
stone is correlated tentatively with black mica schist 
that overlies interbedded marble and calcareous schist 
in a belt south of the outcrop belt of typical Skajit 
limestone. A previously unmapped thick silty 
limestone may be the youngest unit beneath the 
unconformity. 

The metamorphic grade of the rocks near the crest of 
the range increases southward, from slate to schist of 
the greenschist facies. Farther south the metamorphic 

grade decreases sharply· to slate and phyllite in the 
south front of the range. 

A belt of Jurassic ( ? ) and Cretaceous graywacke, 
conglomerate, shale, chert, and mafic igneous rocks lies 
south of the range and pinches out eastward. Schist 
pebbles ·in the graywackes show pre-middle Cretaceous 
metamorphism. 

Granite, granodiorite, and granite gneiss intrude the 
northern part of the schist belt in the Chandalar Lake 
area (fig. 161.1). Most of the known metal prospects 
and zones of silicification lie in the schist belt near the 
granite and a1ong a line between the granite near 
Chandalar Lake and an uninvestigated granite on the 
Alatna River to the ·west. l.l(>de gold occurs near 
Chandalar Lake, stibnite and some copper sulfides oc
cur near Wiseman, and small amounts of copper sul
fides are common in breccia beneath the Skajit lime
stone from Wild Lake to the John River. 

In addition, copper sulfides occur on the West Fork 
of Chandalar River in mafic igneous bodies in the 
Mesozoic rocks. Ana1yses of stream sediments show a 
slight concentration of copper around the mafic intru
sive rocks at Mount Doonerak and Boreal Mountain, 
and a marked concentration of zinc at Cladonia Creek. 

Cymrite was identified by X-ray diffraction analysis 
in samples collected from a pyritized zone near the 
head of Bonanza Creek in the Wiseman quadrangle. 
This is the first known lT nited States occurrence of that 
rare barium silicate mineral. 
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162. SLUMP STRUCTURES IN PLEISTOCENE LAKE SEDIMENTS, COPPER RIVER BASIN, ALASKA 

By DoNALD R. NICHOLs, Washington, D.C. 

Work done in coope-ration with Office, Ohiet of Engineers 

Various types of contorted bedding occur .in hori
zontal zones in thin-bedded Pleistocene lake deposits in 
the Copper River Basin, Alaska. The zones are gen
erally 1 to 5 feet thick and contain folded and some
times faulted beds of sand, silt, clay, and locally one or 
more thin beds of volcanic ash that have been faulted 
and folded. A zone may persist throughout an expo
sure, but none can be identified in more than one ex
posure. Two types of contortion, described below, are 
attributed to slumping generated by earthquakes. 

Highly deformed beds lying between undisturbed 
lake sediments are exposed on the east bank of the 
Tonsina River, 2 miles south of the Upper Tonsina 
bridge (fig. 162.1). Both disturbed and undisturbed 
beds consist mainly of finely laminated, rhythmically 
bedded sand, silt, and clay, and each bed includes thin 
layers of white volcanic ash. Intensity of deformation 
is uniform throughout any vertical section of the con
torted zone, which has sharp upper and lower bounda
ries. Folds generally are tight, commonly are recum
bent, and in places are fanshaped. Most of the faults 

FIGURE 162.1.-Compacted strength of lake sediments and in
cluded white ash beds is shown by the excellent preservation 
of bedding after strong folding and faulting. Contorted zone 
lies between undisturbed varvelike beds. 

are normal, but some are low-angle thrusts; displace
ment generally is along the axial plane of folds, which 
dip in random directions. 

The excellent preservation of bedding in the lake 
sediments at this locality indicates considerable com
paction. Subsequent deformation either broke the beds 
into tabular fragments or crinkled them by plastic
fluid flow (fig. 162.1); graded bedding or other evi
dence of density currents in these materials is lacking. 
The abrupt termination of folds and faults at the base 
and top of the zone, together with a lack of soil hori
zons, excludes glacier overriding, iceberg drag, and 
frost action as causes of deformation. The contorted 
beds probably were not transported far; their character 
suggests that they had the same depositional environ
ment as the undisturbed beds. It seems probable, from 
the character and composition of the contorted beds, 
that the deformation was caused by subaqueous sliding 
of a discrete upper zone of coherent sediment over a 
gently sloping bed of "fatty" clay that served as a 
lubricant. 

Mendenhall (1905, pl. 9-B and p. 66) described 
laminated and folded lake silt exposed in a bluff on the 
Tazlina River, 1 mile above its mouth. He attributed 
these structures to drag of floating icebergs on the lake 
bottom or to overriding of glacier ice. The deformed 
silt and overlying deposits were observed by the author 
to terminate upstream in a newly exposed, nearly verti
cal contact with a mass of till. The till, which rises 60 
feet above river level, probably formed a subaqueous or 
subaerial escarpment. The character of the contact 
suggests that the folds, which gradually diminish in 
intensity downward and downstream, were developed 
by subaqueous sliding generated by lateral compression 
of silt that was displaced when some of the till slumped 
to the base of the bluff-perhaps during an earthquake. 
Till blocks in the troughs of some of the folds were 
probably dislodged contemporaneously to form load 
casts. 

Seismic activity presmnably accompanied widespread 
volcanism to the east, which produced andesite flows, 
volcanic mud flows, and ash deposits interbedded with 
Pleistocene glacial and lacust.rine deposits in the Copper 
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River Basin (summarized by Nichols and Yehle, 1960). 
Earthquakes as far distant as the Yakutat disturbance 
of July 1958 have caused bluff debris to cascade onto 
flood plains. Earthquakes provide an ideal mechanism 
for triggering subaqueous slides, and they probably 
were the cause of many types of slump structures. 
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163. PAHALA ASH-AN UNUSUAL DEPOSIT FROM KILAUEA VOLCANO, HAWAII 

By GEORGE D. FRASER, Denver, Colo. 

On three of the large volcanoes on the island of 
Hawaii-Kilauea, Mauna Loa, and Mauna Kea-older 
and younger volcanic series are separated by the Pahala 
ash. This is the only ash bed in the Hawaiian Islands 
that is thick and extensive enough to be used for strati
graphic correlation on more than one volcano. Be
cause fire fountains, cinder cones, and associated local 
ash deposits near the vents are constant elements of the 
Hawaiian volcanic process, while regional ash blankets 
are not, the Pahala ash must be explained by a series 
of events not duplicated in historic time. These events 
were coneless phreatomagma.tic explosions at Kilauea 
Volcano. There were many closely spaced explosions 
during a small part of Pleistocene time. Prior to 
Pahala time, as defined by the thickest ash on Mauna 
Loa and Kilauea, Kilauea exploded violently but at less 
frequent intervals so that no thick, regionally identifi
able ash blanket could accumulate. Since Pahala time 
explosions at Kilauea have been much smaller, less 
frequent, and less numerous, but some of these were 
also phreatomagmatic blasts of unusual violence. As 
a stratigraphic unit, the. Pahala ash is unique in the 
Hawaiian Islands; but large explosions, whose prod
ucts are concealed by lava, eroded' or weathered beyond 
recognition, may ha.ve occurred infrequently at other 
volcanoes. 

Throughout an area of 2,000 square miles on the 
southeast half of the island (fig. 163.1) the Pahala ash 
was originally at least 10 feet thick. In about half of 
this area its thickness exceeded 20 feet, and for miles 
downwind (south and southwest) from Kilauea Cal
dera; it was about 100 feet thick. The present caldera 
is younger than ·the ash, but the presumed source in
cludes the caldera area and may extend for a few miles 
along the southwest rift. 
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FIGURE 163.1.-Map of the Island of Hawaii, showing distribu
tion and character of Pahala ash. 

Because of lava intercalations and thick lava cover, 
reasonably complete sections ·of this ash can be seen 
only in places 6 miles or more from the caldera, beyond 
the range of fire fountains. Thickness figures and lith
ologic descriptions in this report are based on these 
sections. 
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The ash was deposited in distinct layers which lost 
their identity over a distance of 30 to 40 miles as coarse 
particles dropped out. Most of the ·grains are sidero
melane shards, weathered to yellow palagonite in dry 
areas and to red lateritic materials in wet areas. A 
few layers of lithic dust are present nearly everywhere. 

In sections 6 to 10 miles downwind from Kilauea 
Caldera about half of the layers contain conspicuous 
lithic fragments, pumice fragments,_ and olivine crys
tals, and have a.n average grain size greater than 1 mm. 
More than 20 distinct layers of lapilli, some a foot 
thick, and a few bomb and block layers, are interbedded 
with the coarse and fine ash layers. Some of the lapilli 
are dense, lithic, and angular, while others are 
pumiceous, vitric, and rounded; the two kinds are com
monly in the same layer. Thinned remnants of lapilli 
layers are recognizable for 20 miles downwind and at 
least 10 miles upwind. 

Index of refraction measurem~nts and chemical anal
yses confirm the field evidence that J{ilauea is the source 
for the Pahala ash on IGlauea and adjacent slopes of 
Mauna Loa. This same conclusion was reached by 
Stone in 1926, and though denied by others it was con
firmed by Stearns and Macdonald in 1946. 

On the wet southeast slope of Mauna Kea the ex
tensive blanket of Pahala ash is so highly altered that 
index of refraction and chemical analysis cannot show 
what its source was. This ash has always been at
tributed to cinder cones on Mauna Kea, but field evi
dence now suggests that most of it came from Kilauea. 
Partial sections of ·ash 10 miles northeast of Ki'lauea 
Caldera contain lapilli layers, but nearly complete sec
tions 12 miles farther from Kilauea and closer to the 
Mauna Kea ·cones do not. Coarse ash layers can be 
traced northward from Hilo for 11 miles. in this en
tire area the ash is a constant distance (about 20 miles) 
and bearing from the summit cones on Mauna Kea. In 
spite of this there is a systematic change in the deposit 
and that change occurs outward from Kilauea. The 
layers converge very gradually, the coarse grains get 
smaller, and the section gradually becomes thinner. 
The Pahala ash forms gradually changing layers of 
regional extent, which is not true of any other ash in the 
Hawaiian Islands. No deposits from summit and flank 
cones on any Hawaiinn volcano, including Mauna Kea, 
can be traced more than 7 miles from their source. 

In 1924, according to eyewitnesses, a series of cone
less phreatic explosions at IGlauea scattered thin de
posits of lithic dust all over "the area underlain by 
Pahala ash, including the entire east slope of Mauna 
Kea; but these deposits can be identified now only in 
the immediate vicinity of Kilauea· Caldera. By any. 

criterion the Pahala explosions were much larger, and 
though they took place on Kilauea they readily account 
for 15 feet of ash on M:auna Kea. At about that dis
tance downwind from .Kilauea Caldera the ash is 55 
feet thick. 

It is concluded that Pahala ash on the lower, though 
not the upper, southeast slope of Mauna Kea came from 
Kilauea -and not from the. cones on Mauna Kea. 

Most of the Pahala ash elsewhere on the island is less 
than 10 feet thick and is commonly overlain, under
lain, or mixed with local cone-derived ash from Mauna 

. Kea or one of the other volcanoes. Where local con
tributions dominate, the percentage of ash from Kilauea 
is indeterminate and the stratigraphic value of the for
mation is questionable. 

Several lines of evidence indicate that the cause for 
the series of large phreatomagmatic explosions at Kil
auea was massive foundering in the summit and south
west rift areas, followed by ingress of the ground water 
abundantly available near sea level in the Ghyben
Herzberg lens: 

1. The presumed source area contains more large faults 
and is closer to sea level than similar areas on the 
other volcanoes. There is a lava-filled graben on the 
southwest rift. 

2. Phreatic explosions in 1924 were accompanied by 
foundering in the summit area. 

3. Lithic debris, so abundant in the Pahala ash near its 
source, is characteristic of modern phreatic ail~ 
phreatomagmatic explosions at Kilauea. 

4. Non vesicular glass fragments (not shards) are pres
ent in the Pahala ash far from the sea, and this unique 
"black sand" forms today only where sea or ground 
water mixes with lava and explodes. 

5. Kilauea has remained a primative volcano extruding 
tholeiitic basalt throughout its history, but Mauna 
Kea, with its many cones, has changed chemically. 
This change from tholeiitic to a somewhat more al
kalic magma (Powers, 1955, p. 93) is very common 
throughout the islands and results in a mild increase 
in explosivity; but there appears to be no way to get 
large explosions in Hawaiian volcanoes except by 
extraneous water. 
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164. SINKHOLES AND TOWERS IN THE KARST AREA OF NORTH-CENTRAL PUERTO RICO 

By WATSON H .. MoNRoE, San Juan, P.R. 

Work done in cooperation with the Department of Industrial Researoh, Puerto Rioo Econmnio Development .Administration 

Limestone formations of Oligocene and Miocene age 
that dip gently northward have been eroded into a 
mature karst topography in a belt measuring about 18 
km by 120 km along the northern coast of Puerto Rico 
west of San Juan.· . Detailed geological studies in an 
area measuring 25 km by 20 km, the eastern border of 
which is 14 km west of San Juan (fig. 164.1), show 
that the kinds of karst topography differ from one for
mation to another (figs. 164.2 and 164.3). 

At the base of the Oligocene and Miocene sequence is 
the San Sebastian formation, which consists of 0 to 80 
m of sand and laminated sand and clay, and contains 
local lenses of gravel and small cobbles. Near the top 
of the formation is a persistent layer of silty, finely 
glauconitic marl. · 

Overlying the San Sebastian is the Lares limestone, 
which at most places has a basal unit of coarse to very 
coarse, commonly glauconitic quartz sand and calcar
eous sandstone as much as 60 m thick. The sand unit is 
overlain by very pure to earthy, massive to thin-bedded 
limestone 10 to 140 m thick. 

The Cibao formation, which overlies the Lares lime
stone, is a lenticular unit of marl, chalk, limestone, 
sand, and sandstone, 170 to 210 m thick. 

Above the Cibao is the Aguada limestone, about 90 
meters thick and consisting of somewhat earthy lime

. stone interbedded with chalk and marl. 
Overlying the Aguada limestone is the Aymam6n 

limestone, which consists of more than 200 meters of 
very pure limestone, generally stratified to massive but 
locally consisting of breccia. 

A large variety of Quaternary surficial deposits con
sisting of beach deposits, dunes, swamp deposits, marine 
and fluvial terrace deposits, alluvium, and locally land
slide debris forms a discontinuous mantle over the 
Oligocene and Miocene formations. 

Solution and erosion of the limestone formations 
have produced three distinct topographic forms : steep
sided generally deep cone sinks, very steep-sided towers, 
and low rounded hills. Some lines of sinks ha.ve 
coalesced into uvalas, and some uvalas and sinks have 
been partly filled by alluvium to form poljes. Figure 

164.3 is an objective depiction of the sinkholes, uvalas, 
and poljes showing in black all areas surrounded by 
depression contours except those related to landslides. 
For each sink, uvala, and polje the depths from the 
highest depression contour to the lowest in each pit 
were tabula.ted to determine the maximum and median 
depth for each belt of sinkholes; the figures given be
low are conservative as they refer only to the depth 
of the present surface; whereas many of the sinks are 
considerably deeper to bedrock than measured because 
of an indeterminate thickness of alluvium. 

The Lares limestone has been eroded a.t most places 
into a terrain of very steep-sided towers 7 5 to 150 m 
high, separated by long, narrow valleys consisting 
of connected sinkholes. A rather poorly defined aline
ment of the valleys and notches suggests that they fol
low a weak joint system. The median depth of sink
holes in the Lares is 8 m and the maximum depth is 
40 m. 

At most places the Cibao formation weathers to gent
ly rolling hills; sinkholes occur only where limestone 
members are thicker than 20 m. The median depth of 
these sinkholes is 10 m and the maximum depth is 40 
m. 

Typical mature sinkhole karst, consisting of ·deep 
sinkholes separated one from another only by narrow 
ridges of limestone is developed on the Aguada lime
stone. The ridges and low hills between the sinkholes 
are characterized by rounded slopes in notable. contrast 
to the steep-sided towers on the Lares and Aymam6n 
limestones. The median depth of sinkholes in the 
Aguada is 16m and the maximum is 60 m. 

The Aymam6n limestone at the top of the sequence 
weathers into steep-sided towers (fig. 164.4) and ridges 
parallel to the strike of the formation. Most of the 
towers are less than 50 m high. Sinkholes are com
mon only in its lower part where the Aguada is just 
below the surface. 

Preliminary studies indicate that closely spaced deep 
sinkholes form in rocks consisting of alternating hard 
and soft beds and that tower-karst develops on homo
. generous medium to dense limestone. 
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FIGURES 164.4.-Low towers of Aymam6n limestone that rise above plain of Quaternary sandy clay. 

165. STRUCTURAL CONTROL OF HYDROTHERMAL ALTERATION IN SOME VOLCANIC ROCKS IN PUERTO RICO 

By M. H. PEASE, JR., San Juan, P.R. 

Work done in cooperation with the Department ot Indttstrial Research, Puerto Rico Economic Development Administration 

Chloritized volcanic rocks of the Naranjito quad
rangle, Puerto Rico (fig. 164.1), are partly or wholly 
silicified and ser~citized in a broad belt trending about 
N. 800 W . across the center of the quadrangle, (fig. 
165.1). The contacts of these silicified rocks are not 
sharply defined, but transcurrent faults trending west
northwest mark the general borders of the belt. Shear
ing is prominent along these faults, and they are cut in 
several places by right-lateral faults trending north
northwest and of small displacement. 

Narrow discontinuous zones of hydrothermally 
altered rocks that trend about N. 80° W., parallel to 
the regional structure, occur locally in this belt. Their 
contacts are commonly ma.rked by strong shears. In 
most outcrops the altered rocks seem to be homogeneous 

as a result of tropical weathering, but in the canyon of 
the Rio Bayam6n (fig. 165.2) exposures are sufficiently 
fresh to show a heterogeneity in the degTee of altera
tion of the rocks. Exposures in the riverbed itself 
exhibit an intricate structural pattern that could not be 
detected in more weathered exposures of altered rock. 

Five rock types have been mapped in the canyon of 
the Rio Bayam6n (fig. 165.2): (a) greenish-gray 
chloritized and flnely pyritized volcanic rocks that lie 
outside the hydrothermally altered zone; (b) greenish
gray finely pyritized volcanic rocks within the altered 
zone in which finely disseminated hydrothermal quartz 
is ubiquitous-locally anastomosing veins of quartz with 
cubic pyrite trend east-northeast; (c) light-gray hard 
j asperoid rock, stained shades of yellowish brown and 
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FroUI~E 1.(15.1.-li'ault map of the central part of the Naranjito quadrangle showing the outline of the belt of silicified rocks, 
the zones of hydrothermally altered rock, and the area included in figure 165.2. 

com.posed chiefly of quartz with pyrite and minor seri
cite; (d) light-gray soft sericitic rock, stained shades 
of yellowish brown and composed chieflly of sericite 
and clay with minor quartz and pyrite; (e) fine- to 

. medium-gntined dioritic dikes tha.t are virtually un
altered except along their borders. 

All the rocks in this canyon exposure are severely 
fractured except for the co~nparatively massive dioritic 
rocks. The boundaries of the zone of altered rock are 
grn;dationnJ and are generalized on the geologic mq.p 
(fig. 165.2). Although the volcanic rock types mapped 
within the hydrothermally altered zone are distinctive, 
their contacts are commonly either obscured or grada
tional, and where the rock is highly weathered, contacts 
could not be ma.pped. 

Four significant directions of shear and (or) fracture 
have been noted in the major belt that contains the 
hydrothermally altered rock: (a) west-northwest
trending faults (fig. 165.1) and shears mark the re
gionnJ trend of the structure and in particular the trend 
of the hydrothermally altered zones; (b) west-trending 
red hematite-bearing shears such as those shown in 
figure 165.2 are conunon throughout the belt; (c) frac
tures trending east-northeast as represented by the 

55773 0-60--24 

quartz-pyrite veins of figure 165.2 are prominent in thE 
fresh Rio Bayam6n exposure but not elsewhere; (d) 
fa.ults trending north-northwest with small left- and 
right-lateral displacements are very common in the 
area. They offset faults tlutt trend west-northwest (fig. 
165.1), and in the Rio Bayam6n exposure are the only 
fractures along which displacement is clear. 

lVIovement took place along the two right-lateral 
faults that trend north-northwest (A and B in figure 
1()5.2) before hydrothermtl.l solutions invad~d the rocks; 
quartz-pyrite veins are more abundant on the east sides 
of both faults A and B than on the west sides al1d some 
of these veins appear to turn northward alOJlg fault A 
or B before continuing westward. This evidence sug
gests that faults trending north-northwest acted as 
western barriers to the migration of these solutions and 
are therefore older. However, there is also evidence 
that the altered rocks have been displaced by move
ment on other faults that trend north-northwest, indi
cating that movement also took place along this fault 
system after invasion of the altering solutions. 

Evidence derived from study of the detailed map of 
the Rio Bayam6n area and the regional geology of the 
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Naranjito quadrangle suggests the following sequence 
of geologic events: 

1. Volcanic rocks were chloritized and finely pyritized, 
possibly as a result of deuteric action or at a later 
date by regional metamorphism. 

2. Compressive forces from the west-southwest and 
east-northeast developed shears trending west
and west-northwest and opened fractures trending 
east-northeast. 

3. Diorite dikes were emplaced after the major frac
turing had ended; these dikes are relatively un
shattered and are altered only near their borders. 

4. Later displacement along faults trending north
northwest offset the east-northeast fractures chiefly 
in a right-lateral direction; the hematite-bearing 
shears and the dikes were also displaced at this 
time. 

5. Hydrothermal solutions emanating from depth dis
seminated silica throughout these highly fractured 
volcanic rocks, but altered only the borders of the 
more massive intrusive rocks. Quartz and coarse 
cubic pyrite were concentrated in the open frac
tures that trend east-northeast, which served as 
conduits for the passage of these solutions. 'Vest
ward migration of these solutions was partially 
obstructed by earlier offset along the set of tight 
faults that trend north-northwest. ''There con
centration of the solutions was sufficiently great, 
however, volcanic rock in places was almost en
tirely transformed to quartz-sericite-pyrite or 
sericite-quartz-pyrite rock. 

6. Further movement on the faults trending north
northwest offset these zones of hydrothermally al
tered rocks. 

166. SUCCESSIVE THRUST AND TRANSCURRENT FAULTING DURING THE EARLY TERTIARY IN 
SOUTH-CENTRAL PUERTO RICO 

By LYNN GLOVER III and PETER H. MATTSON, Ponce, P.R. 

Wo1·1.; (lone i1~ COOJ>C1'at-ion with the Dc1wrtment ot Industrial Resea1·ch, Pu.eriJo Rico Econo·mic Development AdministratiOf 

Late Cretaceous and middle Eocene ( ~) ( Pessagno, 
1959) rocks, largely of volcanic origin, crop out in 
south-central Puerto Rico (fig. 164.1). Paleocene and 
early Eocene fossils have not been found and may be 
absent because of an unconformity in the sequence. 

Folds in this sequence are generally asymmetrical 
with the axial plane inclined toward the southwest, and 
those wider than 1 kilometer trend N. 70°-80° ,V., 
parallel to the dominant direction of folding in Puerto 
Rico. Smaller folds are commonly isoclinal ~nd do not 
parallel the regional structures so closely. 

The thrust faults commonly have sinuous traces but 
are generally parallel to the trend of the folds. Thrust 
fault surfaces are uneven but probably have an aver
age dip of 30° to the southwest. Detachment planes at 
shallow depth are indicated by small-scale isoclinal 
folds in the thin-bedded tuffaceous sandstone at sev
end places in the northern part of the area shown in 
figure 166.1. Along a large thrust fault west of Poblado 
Rio Cafias Arriba, breccia is as much as 60 meters thick 
nnd one breccia block is 60 meters thick, 900 meters long, 
and 500 meters wide. 

In the southern part of the area shown in figure 166.1 
a steeply southward-dipping fa,ult trends N. 60°-70° "r., 
and passes through Las Ollas. The fault appears to 
be normal in that the south side is clown; regional 
considerations, however, suggest that it is pri1na.rily a 
left-lateral transcurrei1t fault. South of Las Ollas is 
the Esmeralda fault which also trends N. 70° W. over 
the 25-kilometer distance that 'it has been mapped 
within and outside the area of figure 166.1. The 
Esmeralda. fault dips about 7.0° southward, and is a left
lateral transcurrent fault as shown by the drag efl'ects in 
the southern block west of the Rio Descalabrado. The 
transcurrent faults cut the folds in the area shown in 
figure 166.1 and, just east of the area, cut the thrusts. 
The transcurrent faults also commonly produce a. 
graben and horst structure as shown in figure 16().1. 

·A few kilometers west of the mapped area the rocks 
and structures shown in figure 166.1 are overlapped by 
conglomerate of the Juana Diaz formation of middle 
Oligocene age. 

Both folds and thrust faults probably were caused by 
compression in about a N. 20° E. direction, or possibly 
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by gravity sliding in that direction. The transcurrent 
faults indicate compression in a N. 80° E. direction 
later than the thrusting. Both events occurred after 
the middle Eocene and before the middle Oligocene. 
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167. COMPRESSIONAL GRABEN AND HORST STRUCTURES IN EAST-CENTRAL PUERTO RICO 

By R. P. BRIGGS and M. H. PEASE, JR., San Juan, P.R. 

Work (lone in cooperation witll, the Departntent:of bul1tstriaZ Research, P1ter~o Rico Econom·ic Development A.dntinistration 

Grabens and horsts showing apparent stratigraphic 
displacements of as much as 2,000 meters are common 
features of the structural pattern in east-central Puerto 
Rico (fig. 167.1). Of these structures, only those in 
which stratigraphic displacement is large and in which 
the ratio of the width of the block to the apparent 
stratigraphic offset on either side approaches unity are 
discussed. 

In the area studied two types of such grabens occur. 
The first is shown by graben G-1 a.nd gra.ben G-2 a.nd 
its faulted extension G-2A (fig. 167.1). Southern 
boundary faults in this type of graben have greater 
apparent stratigraphic displacement than their north
ern boundary fanlts, and the boundary fa.ults are verti
cal or dip away from the graben. The second type is 
shown by grabens G-8 and G-4 which are considered 
as highly deformed slivers or slices in the large fault 
zone that is east-central. Puerto Rico. 

Three types of horsts are pres~nt in this area. Horst 
I-:I-1 is bounded on the north and south by faults that 
decrease in displacement eastward; the apparent strati
graphic displacement is greatest on its southern bound
ary fault. llorst :EI-2 is a. block that seems to have 
been squeezed upward between two major faults, and 
the apparent displacement on its northern boundary 
fault is greater than on its southern boundary fault. 
li01·st li-3 is a block tilted up to the northwest be
tween a transcurrent fault that strikes northwest and a 
dip-slip fault striking generally north. 

The fn.ult system in which these features occur is 
dominated by trn,nscurrent faults trending west to 
west-n01thwest, some of which have important dip-slip 
components, n,nd by faults that trend northwest in 
which the dip-slip component of movement was local
ly greater than the strike-slip component. Left-lateral 

drag is evident at a number of places, but is best shown 
south of horst H-1 and north of graben G-1 (fig. 
167.1), where the be.ds have been warped by movement 
along the fault zone in which H-1 a.nd G-1 occur. 
Left-lateral displacement along this fault zone is a.t 
least 4 kilometers and may be as much as 15 kilometers 
in aggregate. 1Varping of beds northeast of horst H-3 
also indicates possible left-lateral drag, despite the ap
parent right-lateral displacement of the rocks. This 
inconsistency is best explained by assuming a dip-slip 
component of movement 'conside.rably exceeding the 
strike-slip component along the northwest ·trending 
fault on the northeast side of H-3. Strong support 
for this assumption in relation to this fault is found 
along another fa.ult that has a similar trend but along 
which the exposures are considerably better; this is the 
high-a.ngle reverse fault that strikes northwest from 
Barranquitas and then curves west-\vard parallel to the 
southern boundary fault of graben G-1. On the north
west-trending pa.rt of this fault, dip-slip displacement 
is dominant; no evidence of important strike.-slip dis
placement was seen. However, along the west-trending 
section of the same fault, left-lateral tra.nscurrent 
movement is apparently dominant over dip-slip 
movement. 

Apparent right-lateral stratigraphic displacement is 
shown along a number of faults in figure 167.1, but 
evidences of right-lateral drag are lacking. Whether 
these occurrences represent real right-lateral movement 
or whether these relationships a.re principally due to 
dip-slip displacement is as yet not clear. Nevertheless, 
it is certain that regional compression, most likely re
sulting from opposing forces from the southwest and 
northeast, was the prime mover in forming the struc
tural pattern in east-central Puerto Rico, and that the 
grabens and horsts were results of this compression. 
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168. STRATIGRAPHIC DISTRIBUTION OF DETRITAL QUARTZ IN PRE-OLIGOCENE ROCKS IN SOUTH-CENTRAL 
PUERTO RICO 

By PETER H. MATTSON and LYNN GLOVER III, Ponce, P.R. 

Wo,rk done in cooperation with the Econon~ic Development Administ·ration, Commonwealth of Puerto Rico 

The pre-Oligocene rocks of south-central Puerto Rico 
(fig. 164.1) are divided into six broad lithologic units 
(table 168.1) with a minimum composite thickness of 
about 7,000 meters. The oldest unit is eitl~er latest Early 
Cretaceous or earliest Late Cretaceous (Berryhill and 
others, 1960) ; the youngest unit is probably Eocene 
(Pessagno, in press). Detrital quartz is confined almost 

entirely to the three youngest units, which are latest 
Cretaceous and younger. These units have a minimun1 
composite thickness of about ·1,200 meters. Quartz 
forms as much as 10 percent of some beds in the upper
most Upper Cretaceous and Eocene ( ~) tuffaceous con
glomerates, breccias, and sandstones, and is even more 
abundant in Eocene ( ~) sandstones and conglomerates. 

TABLE 168.1.-General sequence of pre-Oligocene rocks in south-central Puerto Rico 

Stratigraphic unit Brief description Detrital quartz Age 

N n,ranjo formation of Pessagno Green and brown sandstone and siltstone; some green Common _____ Eocene(?). 
(in press). tuff, red conglomerate, and limestone. 

Unnamed ------------------ Hard white limestone chiefly composed of algal frag- Rare ________ Early Tertiary(?). 
ments. 

Coamo formu,tion (Berryhill Tuff breccia, tuffaceous conglomerate, tuff; some Present_ ---- Late Cretaceous. 
.and others, 1960). sandstone, siltstone, and limestone. 

Cariblanco formation (Do.) ____ Alternating units of siltstone, sandstone, conglomerate; Not found ____ 
some limestone, tuff, and lava. 

Robles formntion (Do.)_ ----- Thin-bedded sandstone, siltstone, lava; some limestone Not found ____ 
nnd breccia. 

Pr·e-Robles rocks (Do.) _______ Lava, flow breccia, and tuff breccia; some sandstone, (See text.) Late Cretaceous or 
conglomerate, and limestone. 

'\V"hile the three lower units are generally quartz-free, 
a single locality has been found where a tuff previously 
thought to be of pre-Robles age (table 168.1) contains 
10 percent quartz. This tuff, however, is possibly un
conformable on the pre-Robles rocks nearby and thus 
younger. To correlate it on a lithologic basis is difficult 
because it has been slightly metamorphosed by a nearby 
igneous intrusion. If the tuff really is pre-Robles, it 
may have been derived from a local quartz-rich vol
canic source. No other quartz-bearing sediments older 
than the Coamo formation have been found during sev
eral ye~trs of study by the U.S. Geological Survey. · 

The pre-Oligocene rocks of Puerto Rico col).sist 
m~tinly of primary and rew·orked volcanic debris but 

latest Early Cre-
.taceous. 

include minor amounts of limestone. No other source 
for the debris forming Puerto Rico, no old land mass 
for example, has yet been found or indicated. The ap
pearance, therefore, of detrital quartz in the younger 
rocks probably shows progressive enrichment in silica 
in the magmas supplying the Late Cretaceous to 
Eocene ( ~) volcanoes. A volcanic or hypabyssal source 
for the silica is also indicated by the fact that some 
detrital quartz grains in the younger rocks have the 
hexagonal di pyramid crysta.I habit characteristic of 
beta or "high" quartz. The general upward increase 
in the ratio of pyroclastic to effusive material also may 
indicate an increase in silica content of the supplying 
magma. 
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169. OCCURRENCES OF BAUXITIC CLAY IN THE KARST AREA OF NORTH-CENTRAL PUERTO RICO 

By FRED A. HILDEBRAND, Denver, Colo. 

Work done in cooperation with the Department of Industrial Research, Puerto Rico Economic Development Administration 

Deposits of bauxitic clay in north-central Puerto 
Rico were discovered during a preliminary survey of 
the mineral resources of Puerto Rico. The. clays are 
confined largely to sinkholes in a belt of pronounced 
karst topography developed in marine. limestones of 
Tertiary age along the north coast of the. island. The. 
belt of limestones lies along the north flank of the east
trending Cordillera Central, a complexly faulted se
quence of Cretaceous rocks of volcanic origin composing 
the backbone of the island (Zapp, Bergquist, and 
Thomas, 1948) (fig. 169.1). The rocks of the Cordillera 
Central consist principally of lavas, tuffs, tuff breccias, 
volcanic conglomerates and volcanic-derived siltstones 
and sandstones. The Tertiary limestones, which ·are of 
middle Oligocene to middle.(?) Miocene. age, dip about 
6° north and lie unconformably on a.n irregular surface 
of Cretaceous rocks. The. limestone belt is unconform
ably overlain by sandy and limy deposits of Quaternary 
age. 

The Te.rtia,ry rocks have been subdivided into the San 
Sebastian formation, Lares limestone., Agua:da lime
stone, and Aymamon limestone (Zapp and others, 
1948). The San Sebastian, the basal formation, is a 
conglomerate containing fragments, pebbles, and boul
ders of the pre-middle Oligocene rocks. The. Lares 
limestone is principally a massive, white reef-type. rock. 
The Aguada and Aymamon limestones are chiefly dense 
to chalky and reddish gray. 

The belt of karst limestone extends about 60 miles 
eastward from the west coast of Puerto Rico and varies 
in width as sliown in figure. 169.1. The most rugged 
karst development is generally in the southern part of 
the belt. The morphological forms are typical of 
mature karst topography; they consist of numerous 
conical hills resembling haystacks (mogotes) and cu
cumber-shaped ( pepino) hills and connecting sinkholes. 

Preliminary sampling across the karst belt south of 
Florida, Puerto Rico shows that the bauxitic clays are 
confined largely to the Lares limestone. along a 3-mile..
wide strip at the south edge of the karst belt. Other 
scattered samples collected farther east and west of 
the Florida area show that the bauxitic clay belt has a 
minimum length of at least 14 miles (fig. 169.1). Fig
ure 169.2 shows the distribution of boehmitic samples 
in the Florida area. The belt probably extends east 
and west of the limits established by the preliminary 
sampling. 

About 70 samples of surface soil were collected, 
mainly from sinkholes. Sampling was limited to white 
to dark-brown, nonsandy, nonlimy clays. Mineral de
terminations by X-ray powder diffraction methods were 
made of 42 of the 70 samples collected. Ferruginous 
minerals and organic substances detrimental to X-ray 
powder pattern interpretation were removed by pre
liminary treatment of the samples with 30 percent hy
drogen peroxide and hydrochloric acid diluted 1 : 1. 
The total mineral assemblage shown by these 42 sam
pies is: boehmite, quartz, goethite, hematite, kaolinite, 
halloysite, anatase, oligoclase, sanidine, unidentified 
feldspar minerals, and organic matter. 

Of the 42 samples, 17 were found to contain boehmite. 
The boehmitic clays are buff to reddish brown. Some 
of them are clastic rocks containing small (less than lf2 
mm) angular ~nd subrounded quartz grains and well
rounded, black, opaque grains-possibly ilmenite or 
anatase.. The clays are tough when dry and plastic 
when wet. They have both a rough, hackly fracture 
and a smooth conchoidal fracture. From the 17 boeh
mitic samples, 8 containing the most boehmite were 
chemically analyzed. These analyses are shown in 
table 169.1. The analyses of the Puerto Rico bauxitic 
clays are similar to analyses of surface soil samples 
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TAnu~ 169.1.-0hendcal ana,lyses ot bawcitic clays 1 from the 
F'Z01'illa an(l Ut,naao qua(l1·angZes, Puerto Rico 

[Analysts, Paul JJ. D. Elmore, Samuel D. Botts, and Marvin D. Mack. Samples 
wore analyzed by rapid rock analysis methods similar to those described by Sha
piro and Brannock (lll5fl)) 

Locality and PR-F AH sample number 

2 1 

1304 1318-C 1305 1361 1336 1353 1357 1339 
----------------

Si02------------------- 18.7 22.5 23.0 29.7 29.0 26.3 30.2 36.9 
ll hOs .•..•••••• -------- 40.7 38.2 36.0 32.6 32.5 31.6 27.2 23.2 
Total iron I as FctOa ..• 18.3 17.4 16.4 14.4 18.2 16.0 15.0 10.8 

TIOt. ----------------- 1.8 1.6 1.6 1.3 1.4 1.8 1.4 1.0 
cao ___________________ 

. 20 . 22 . 62 . 64 . 24 . 72 1.0 2. 1 
MgO ..•••••••••••••••• . 26 . 43 . 45 .60 .48 . 70 1.4 1.8 
KtO ...•••••••••••••••• .18 . 22 . 24 . 27 . 20 .40 . 42 . 37 

NatO ••• -------------- .10 .06 .06 .08 .07 . 07 .09 .32 

PtOa •••• -------------- 1.0 . 66 2. 5 .81 1.0 2. 4 2. 3 . 68 

002------------------- .08 .18 <.05 .30 . 06 .12 .14 .18 
MnO .•.•.•••••••••..• .04 .06 .12 .04 . 32 . 46 . 31 . 37 

HtO+----------------- 16.0 15.8 15.5 14.4 14.7 13.8 14.2 13.4 
lltO- ....•••••••••••.• 1.5 2.0 1.7 2. 7 1.5 2. 7 3.0 3. 9 

---------- ---------
1'otaL ..•••.•••. 99 99 98 98 100 97 97 95 

I Bauxitic clay, as used In this paper Is not meant to Imply that a major contribution 
of SI02 and Ah03 to the analyses Is attributable to kaolinite, halloysltc, and feldspar. 
1'hc mlncmloglcni examinations show that most of the Si02 content Is contributed 
by mcgascoplcally visible quartz grains and that nearly all of the Ah03 content is 
contributed by boehmite. X-ray powder diffraction patterns of bulk samples from 
which the quartz gmins have been removed by hand picking show that only traces 
of quurtz occur In the fine-grained boehmitic matrix. 

1 At edge of karst area. 
a Samples contained organic matter which precluded accurate determinations of 

:FcO. Tho locations or those samples are shown in figure 169.2. 

1. Florida qundrnngle. Tan clay overlying weathered volcanic rocks 
In rondout. 

2. Florldn quadrnngle. ':rnn clay from 3 feet beneath surface in road
cut In sinkhole. 

3. Florida qundrnngle. '.ran surface soil sample from plowed field In· 
bottom of huge, deep sinkhole. 

4. Florldn qundmngle. Tun surfuce soil sample from creek bank in 
large, clrculnr sinkhole. 

5. Florldn quadrangle. Tun clay from base of shallow roadcut in sad
dle between sinkholes. 

6. Florida quadrangle. 'l'an surface soil sample from bottom of deep, 
ovul-shuped sinkhole. 

7. Floridn qundrangle. 'l~an surface soil sample from bottom of large, 
deep sinkhole. 

8. Utuudo qundrtwgle. 'l'an clay from base of roadcut. 

from the Pedernales-El Fondo de Milia trail area of 
the Dominican R.epublic ( Goldich and Bergquist, 194 7, 
p. 72). 

Quartz, anatase, and kaolinite were found in nearly 
all of the 42 samples. l{aolinite and halloysite were 
found in 37 ~amples. Seven samples collected from the 
Quaternary deposits north of the Florida area contain 
kaolinite as the dominant constituent. Six samples 

containing halloysite and 24 containing moderate 
amounts of kaolinite came from within the bauxitic 
clay belt. Four samples consisting almost wholly of 
oligoclase or sanidine came from the south edge of the 
karst area near the contact of the Tertiary an<;l. Cretace
ous rocks. Small quantities of feldspars were found in 
about 13 samples from the belt, but no significant cor
relation could be made between their abundance and 
distribution in relation to the contact of the Cretaceous 
and Tertiary rocks. 

The age and origin of the bauxitic clay deposits are· 
uncertain. This investigation indicates that the baux
itic clay is a clastic fine-grained rock in which feld
spars are widely distributed. It also shows that the 
clay is widely distributed in the southern part of the 
karst area as far north as the town of Florida. 'Vater
well data in the Florida area (:McGuinness, 1946) show 
that the clays overlie at least 350 feet of limestone. 
These observations suggest that the parent rock was not 
a limestone but a volcanic rock. According to Zans 
(in press) bauxite deposits in Jamaica developed (and 
may still be forming) in a mature karst area by baux
itization of an andesitic volcanic detritus carried into 
cavernous limestones when the basement rocks of the 
karst area are laid bare in upland areas. Zans believes 
that ba.uxitization of the volcanic detritus was aided by 
alkaline solutions from the limestone environment. 
The Puerto Rico deposits may have developed similarly 
or the bauxitic clay may have been transported into 
the karst from bauxitized andesitic rocks on highland• 
surfaces to the south. The writer does not have suffi
cient evidence to determine if bauxitization processes 
are currently taking place in Puerto R.ico. 
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170. THE STRATIGRAPHY OF ISHIGAKI-SHIMA, RYUKYU:RETTO 

By HELEN L. FosTER, Washington, D.C. 

(Work done in coopemtion with Office, Chief of Engineers) 

Ishigaki-shima is one of the southernmost islands of 
the Ryukyu-retto, an arcuate chain of islands "·hich ex
tends from southern Japan southwestward nearly to 
~aiwan. It lies about 275 miles southwest of Okinawa
jima and 150 miles east of Taiwan. It has ·an area of 
86 square miles, and the highest summit on it is a little 
more than 1,700 feet above sea level. l\1:ost of the 
northern part of the island is mountainous and 
bordered by narrow marine terraces. The southern 
part consists largely of gently sloping marine terraces 
in various stages of dissection, but also is partly moun
tainous and hilly. 

The foundation of Ishiga.ki-shima consists of low
grade metamorphic rocks, probably of Paleozoic age, 
which include green schist, glaucophane schist, phyllite, 
quartz-mica schist, chert, sandstone, and a little marble. 
These rocks have been folded, faulted, u.plifted, and 
eroded. They have also been intruded by granitic, 
granodioritic, and dioritic rocks, probably of late 
Mesozoic or Tertiary age, which occupy an area of 
about 10 square miles. Granular intrusive rocks such 
as these are not known to occt~r elsewhere in the south
ern part· of the Ryf1kyii-retto, though intrusive rhyo
lite porphyry, andesite porphyry, and hypersthene 
andesite occur on Okinawa-jima. 

Upper Eocene (Tertiary b) limestone, sandstone, 
and conglomerate unconformably overlie the meta
morphic rocks in scattered small patches totaling 1.5 
square miles in area at elevations ranging from sea 

level to about 300 feet. These rocks are tilted and 
faulted, but not folded. Their. age was determined 
from larger Fo~aminifera, and from calcareous algae 
which are exceptionally well preserved. 

A major period of Tertiary submarine volca.nic 
activity followed the deposition of the Eocene sedi
ments, or possibly began before its close. The volcanic 
rocks-interbedded tuff, breccia, and lava.-are chiefly 
andesitic, but partly dacitic and rhyolitic. They are at 
least 600 feet and probably more than 1,000 feet thick, 
and underlie an area of about 9 square miles. 

Later Tertiary deposits have not been identified; 
most of the island's area was probably land throughout 
late Tertiary time. 

The earliest Pleistocene deposit is a fossiliferous 
gray ma.rine clay containing abundant larger and 
smaller Foraminifera, ostracodes, and mollusks, some 
corals, bryozoans, and pollen, a.nd deer bones in one 
a.rea.. The cla.y is overlain in places by gravel deposits 
from a few feet to more than 70 feet thick. The 
youngest Pleistocene deposit is the Ryf1kyfl 1 imestone, 
a raised reef lim.estone, which constitutes much of the 
southern part of the island and fonns a discontinuous 
fringe along the coast on other parts of the island. 

Recent deposits include sand a.nd gravel on ra.ised 
beaches, sand dunes, stream alluvium, and sand and 
gravel on the present beaches. Bones of pigs were 
found in a Recent terrace deposit. 

171. FOSSIL MAMMALS FROM ISHIGAKI-SHIMA, RYUKYU-RETTO 

By FRANK C. WHITMORE, JR., Washington, D.C. 

A field party under the direction of Helen L. Foster 
has collected two suites of fossil mammal remains in 
the course of mapping the island of Ishigaki in the 
Ryukyfl-retto, about 150 miles east of Taiwan. The 

Ryukyus comprise an island arc extending from Taiwan 
on the south to Kyushu, the southernmost of the .Japa
nese islands, on the north. The rocks exposed on the 
islands record a complex history of tectonic changes ·in 
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land levels during Tertiary and Qua~ernary time, ac
companied in the Quaternary by eustatic changes in sea 
level. It is certain that the islands have been connected 
at one time or another and that land bridges at times 
connected the arc with the Asiatic mainland by way of 
Japan and Taiwan. The exact times when these con
nections existed are still, however, a matter of specula
tion. Study of fossil mammals from the island may 
help solve this paleogeographic problem. 

The older suite of fossil mammals consists mainly of 
111 etace?'V'ltltts astylodon (:Matsumoto), a small extinct -
deer related to the :Muntjac now living in Sotttheast 
Asia; there is also a box turtle ( cf. Geoe1nyda) similar 
to but larger than those now living in the R.yukyus, and 
a few small bones, as yet undetermined, which probably 
represent rodents. These bones are found in a gray 
marine clay below gravel. The age of both the clay 
and gravel is in doubt; the clay also contains inverte
brates which seem to indicate a Pleistocene age. 

11/etace?'V'ltl'ltS has also been found on Okinawa and 
neighboring islets, where it is abundant, and' on Miya.
ko-jima, an island a.bout 60 miles east of Ishigaki
shima. These finds differ from those of Ishigaki-shima 
in that the bones are found in fissure deposits rather 
than in clay beds. The Ishigaki bones therefore seem 
to be stratigraphically more significant than those 
found on the ·other islands. il/ etacervulus a.stylodon 
occurs in the tniddle Pliocene of North China. In the 
R.yiikyiis it is younger: probably Pleistocene, although 
possibly late Pliocene. The presence of these deer in
dicates a probable emergence of this area during the 
Pliocene so that mammals could have migrated through 
the southern R.yiikyfls. The three islands where 11/ et
ace?''IJ'lt2u8 is found are all south of the 'Va.tase Line or 
Tokara Strait, a deep channel between Yaku-shima and 
.Amami-o-shima which divides the R.yukyf1-retto into 
north and south. halves. The a.bsence of this deer in 
fossil fauna of islands north of Tokara Strait and of 
the Japanese islands implies that this strait existed 
during the Pleistocene and possibly in the late Pliocene, 
and that manunaJian migration was from South China 
via Taiwan. 

The younger of the two fossil suites consists entirely 
of bones of a pig, probably related to the Recent variety 
B-us le'lwmnystaw 'i'in~~?:'ltan'll8 I\:uroda. The bones, 
which are unmineralized, have been C 14 dated by ~1eyer 
Rubin of the .U.S. Geologica,! Survey at 8,500+500 
years. Because of the presence of inorganic carbonates 
in fossil bone, dates based on such material are prob
ably inaccurate, and the actual age is almost certainly 
greater than the result of the c·14 determination. The 
pig bones oc?ur as a densely packed bone breccia, ce-

mented by travertine, in terrace deposits laid down in 
a nip, or undercut shelter, which resulted from, erosion 
of a limestone cliff at sea level. A peculiar feature of 
this collection is that almost all of the bones are of 
young individuals. Severa.! explanations of this high 
proportion of young individ.uals are possible. One is 
that they were domestic stock, selectively killed by tnan. 
No artifacts have been found associated with the bones, 
however, although some chert flakes which occur in the 
deposit may have resulted from the sharpening of stone 
i1nplements. No tool marks a.re found on the bones, 
and they have been so broken during burial that it is 
impossible to tell whether long bones were split as they 
would be to obtain marrow. Some of the bones are 
blackened by a carbonaceous residue, which may ha.ve 

. resulted from cooking or from slow oxidation through 
time. 

Further study of Recent and extinct pig species may 
indicate whether these pigs were introduced by man 
or migrated in the wild state. If they are shown to 

· ha.ve been domesticated, it would be one of the ea.rliest 
examples of pig domestication known. 

. The subfossil pig is intermediate in size between 
species of S'lt8 found on the Asia . .tic mainland and that 
living on Ishigaki today. This is in keeping with the 
general rule that island species of mamma]s tend to 
be smaller than their mainland ancestors.. Detailed 
morphological studies, such as consideration of the 
accessory conules of the molar teeth, may aid in estab
lishing the mainland relatives of the Ishigaki pigs and 
also, perhaps, in establishing the length of t.ime during 
which the island form was isolated. It is perhaps 
significant that the modern '"ild pigs of the Ryukyf1s 
are only found south of the Tokara. Strait. This may 
n1ean that their ancestors either migrated or were in-
troduced from the south. . 

Hanzawa ( 1935) has discussed the distribution in 
the R.yukyus of T'rimeres'lt?"lts, a viper locally known 
as the hahn. This snake is not present on all islands 
of the group; it is Ha.nza.wa's opinion ( 1935, p. 56-59) 
that the snakes migrated from Taiwan in post-Shima
jiri (probably Pliocene) time over a-la.nd bridge. Sub
sequent rise in sea. level, according to Hanzawa, divid
ed the area into severn 1 large islands on each one of 
which a distinct species of T?'imm'e8'lt'l'1.l8 developed. 
Islands which do not have the habu were submerged at 
that _time. This stage \Yas succeeded by a period of 
submergence with limestone deposition. Then, in post
Na.lut (Pleistocene) time, an e.xtensive deposition o~ 

. clastic materials took place which again probably indi
cates an extensive land surface in the area of the archi
pelago. It is possible that the pigs could have reached 
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the area at this time; migration at an earlier date does 
not seem reasonable because the Ishigaki subfossil pigs 
seem to differ only in minor cha.racteristics from those 
of the Asiatic mainland. 
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172. DISTRIBUTION OF MOLLUSCAN FAUNAS IN THE PACIFIC ISLANDS DURING THE CENOZOIC 

By HARRY S. LAnD, Washington, D.C. 

Studies of la.rge collections of· fossil mollusks from 
outcrops and drill holes in six island groups in the 
western Pacific suggest that the faunas were more 
abundant and diversified during parts of Tertiary time 
than they are in the same areas today. 

As shown in figure 172.1, the islands form a broad 
belt spreading nearly 4,000 miles across the tropical 
latitudes of the western Pacific from Palau and the 
Marianas on the northwest to Fiji and theN ew Hebrides 
on the southeast. Most of the collections on which the 
study is based were obtained in the field by Geological 
Survey personnel; others ha.ve been loaned for study by 
museums. Four of the island groups-Palau, the 
Marianas, Fiji, and the New Hebrides-lie southwest 
of the andesite line in an area characterized by eleva
tion in late Cenozoic time. The other two groups-the 
Marshall and Ellice Islands-lie to the northeast of the 
line in the Pacific Basin proper, an area characterized 
by deep subsidence. Collections from the elevated 
island groups are from outcrops; those from the sub
merged areas are from drill holes. Fossil mollusks and 
other organisms that are found above the sea to the 
west occur bel<)w the sea to the east. 

Detailed studies of the molluscan faunas will not be 
completed for some time, but the work done thus far 
supports the hypothesis that many elements of the 
"Indo-Pacific fauna,:' generaHy believed to have spread 
fr~m Indonesia, may have originated among the islands 
in the Pacific Basin in Cretaceous and Tertiary times. 
During these times there were more island "stepping 
stones" than now, many of them being located in the 
broad island-free area that now separates the Mar
shalls from Hawaii (Hamilton, 1956). Mollusks and 

other shallow water forms could have migrated from 
the islands toward Indonesia with the aid of favorable 
waves and currents such as those prevailing today 
'(Ladd, 1960). 

Most of the sediments from which fossil mollusks 
have been' obtained represent deposits in shallow waters. 
Many of the limestones are reef ·limestones or clearly 
represent sediments that accumulated in lagoons not far 
removed from reefs (Emery and others, 1954 ;· Ladd and 
Schlanger, 1960). A few mollusk-bearing limestones 
and some of the marls appear to represent off-reef de
posits in somewhat deeper waters, but no deposits sug
gesting abyssal depths have been recognized. 

The oldest mollusks found to date are Eocene but 
they are few in number and poorly preserved. Miocene 
mollusks are abundant and var!ed. Lagoonal sedi
ments obtained from drill holes appear to be far richer 
in mollusks than any sediments dredged from existing 
lagoons in the same area. Younger mollusk faunas, 
presumably Pleistocene, contain ·mostly still-living 
species but they include a number that now have a more 
restricted distribution. 
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l!'wu•u~ 172.1.-Location of islnnd aren from which fossil mollusks have been obtained. Dnshed line marks structural boundary 
of Pacific Basin (andesite line). 
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173. GEOLOGY OF TAYLOR GLACIER-TAYLOR DRY VALLEY REGION, SOUTH VICTORIA LAND, ANTARCTICA 

By WARREN HAMILTON and PHILIP T. HAYEs, Denver, Colo. 

Work done in cooperation wUh National Science F01uulation 

During the southern summer 1958-9, the U.S. Geo
logical Survey began field work west of McMurdo 
Sound, Antarctica, as part of the U.S. Antractic Re
search Program administered by the National Science 
Foundation. Field camps were established by U.S. 
Navy aircraft on the upper Taylor Glacier, at Bonney 
Lake and at Suess Glacier in Taylor Dry Valley, and 
in. a previously unvisited dry valley north of lower 
Taylor Glacier. Geology was studied in a strip 50 
miles long, extending most of the way through the 
mountains from McMurdo Sound to the interior ice 
plateau. 

The coastal metamorphic belt, here 15 miles wide, 
consists of metasedimentary rocks, among which meta
pelitic . rocks and calc-silicate schists and gneisses (!)f 
probable late Premirribrian and Early Cambrian a.ge 
are dominant. The· metasediments strike subparallel to 
the·coast; they ·vary iri dip but are nearly vertical near· 
the batholith 'which intruded them from the west (fig. 
173.1). The batholith is a composite mass of plutons of 
quartz diorite, granodiorite, quartz monzonite,- and 
granite, varying to diorite, monzonite, and quartz 
syenite. Accessory minerals are hornblende or biotite 
or both and, in one mass of quart.z diorite and 
diorite, minor augite is present. There is no orthopyro
xene, such as is widespread in some .parts of East 
Antarctica. Some of the plutons are separated by septa 
of para-amphibolite and calc-silicate gneisses. 

Dikes of mafic, lamprophyric hornblende diorites and 
quartz latites cut these basement rocks, and are particu
larly abundant near the contact between the metasedi
ments and the batholith. Prior to the deposition of 
the overlying Beacon sandstone (named by Ferrar, 
1907, p. 39), the diked basement complex was intri
cately broken by minor faults (fig. 173.1). 

The Beacon sandstone, known from other areas to 
have a stratigraphic range from Devonian to Permian, 
was deposited upon an essentially horizontal erosion 
surface on the basement rocks. r.he Beacon consists of 

coarse-grained, crossbedded sandstone, mostly quartz
rich but pa.rtly arkosic, and lesser amounts of siltstone 
peble conglomerate, and, high in the section~ thin beds 
of coal (fig. 173.2). Its thickness is only about 3,000 
feet, exclusive of diabase sills. 

At least four great sills of quartz diabase, each 500 to 
1,300 feet thick, were intruded within the Beacon sand
stone (fig. 173.2). Another such sill lies at or near the 
contact between Beacon and basement, and another, 
probably continuous for scores of miles, follows exfolia
tion joints in the basement related to and 500 to 1,500 
feet below the pre-Beacon erosion surface. The dia
bases are strongly differentiated, and contain abundant 
mafic and silicic granophyre and gabbro-pegmatite in 
their upper portions. Differentiation has been docu
mented by 19 chemical analyses, which show the normal 

-.diabase to have 55 percent Si02 • The quartz of most of 
· the Beacon .sandstone was recrystallized, and the coal 
. was baked, by heat released from· the sills. 

Several normal faults trend parallel to the con.st and 
offset the Beacon sandstone and the diabases about 
1,000 feet, but the gross structure of the mountain sys
. tern is anticlinal. There is no "Great Antarctic horst'' 
here, although such a structure has long been assumed 
to bepresent. 

Past glaciers filled the valleys 1,000 to 1,500 feet 
above present ice surfaces, but there has been very 
little. change-possibly slight local advances of the 
ice-since the region was first visited in the early 1900's 
by British expeditions. Numerous small cinder cones 
and lava flows of mafic, alkaline basalts (Si02 42 to 
48 percent by weight, N a20 3.7 to 4.7 percent, 1\::zO 1.5 
to 1.8 percent, in four analyses) were erupted within 
Taylor Valley before, between, and since past episodes 
of glaciation. 
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FIGURE 173.1.-Contact between metamorphic and granitic rocks. Calc-silicate hornfels, gneiss, and schist (left) are mostly 
light colored. Darker, gneissic border zone of batholith (right) consists of quartz monzonite-quartz diorite migmatite. 
Crosscutting dikes, mostly hornblende diorite, are offset along minor faults. Looking south across Taylor Dry Valley to 
north side of Kukri Hills. U.S. Navy photograph. 
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FIGURE 173.2.-Sheets of quartz diabase in Beacon sandstone. The inclined sheet becomes a concordant sill just left of the summit. Layers of coal stripe 
the sandstone between the diabase sheets. The height of the cliff is nearly 3,000 feet. The photograph also shows Finger Mountain as viewed from 
the north, and the base of upper Taylor Glacier. The interior ice plateau is just out of the picture to the west (right), and McMurdo Sound is 50 
miles to the east. 
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174. NEW INTERPRETATION OF ANTARCTIC TECTONICS 

By "VARREN HAMILTON, Denver, Colo. 

Work done in cooperation with National Science Foundat·ion 

A continuous chain of high mountains, 2,500 miles 
long, crosses Antarctica near the South Pole and 
borders the Ross and "Veddell Seas. It extends from 
south of New Zealand to south of "\Vest Africa. These 
mountains have long been assumed to be a great horst 
of rocks of an ancient Precambrian shield, but incom
plete data suggest that they lie instead along a belt of 
crystalline rocks metamorphosed and intruded by bath
oliths during Cambrian time.1 

The mountain chain is composed of varied crystalline 
rocks overlain unconformably by thin, slightly de
formed sandstones, the stratigraphic range of which i::; 
Devonian to Permian, and by huge sills of diabase. 
The concept that the mountains form a "Great Ant
arctic horst" was based upon extrapolation from the 
inferred horst structure of the imposing Royal Society 
Range, which accounts for one-quarter of the width of 
the mountain system in the l\1cl\1urdo Sound region. 
"\Vest of that range, the sandstones dip gently west
ward, beneath the interior ice plateau, broken only by 
relatively minor faults. At least at Granite liarbour, 
on the east side of the mountains north of the Royal 
Society Range, structures eli p gently eastward toward 
the Ross Sea. The broad structure of the mountain 
system in the McMurdo Sound region is domieal and 
similar structure probably characterizes the mountain 
syst-em at lenst from Granite flarbour to the Beardmore 
Glacier. Analogy with other continents indicates that 
a, vnst; mountain syst-em such as this is far more likely 
t:o lie along an orogen than to be a crosscutting uplift. 

That this is indeed the case for the Antarctic ranges 
is strongly suggested by the petrologic and structural 
continuity of t-he province at least from the Horlick 
l\fountains to TerraNova. Bay, a distance of 1,100 miles. 
The dominant rocks of this part of the chain belong to 
:t composite batholith of plutons of various types of 
granitic rocks, the characteristic type being coarse
grained pink quartz monzonite ranging to granite. The 
batholith is intrusive into nonvolcnnic metasedimen
tary rocks of various types, mnong which metashales 
and calc-silicate rocks are particularly widespread. In 

1 The followln~ dl!'1cuRslon Is base() upon puhllshPd references too 
numerous to acknowledge In this notl'. upon· unpublished Information 
~h·en hy .Ton Stephcm;on, W. E. Long, nnd others, and upon my field 
8tudie8 In the McMurdo Sound region and my petrographic Rtudies of 
Antnrctic ancl Austrnllnn ~,:rnnites. 

the l\fcl\1urdo Sound region, the metasedimentary rocks 
occur chiefly in a belt along the coast-that is, gross 
structures are subparallel to the mountain system. 

l\fany granodiorites, quartz monzonites, and granites 
known from this Antarctic batholith are characterized 
by lightly colored potassic feldspar which is in well
shaped crystals but is not generally phenocrystic. 
Plagioclase is only obscurely zoned. As most other 
batholiths contain potassic feldspar that is more com
monly white than colored and more commonly anhedral 
than not, and as plagioclase in most other batholiths is 
commonly zoned, these granitic rocks are distinctive. 
A striking feature of composite batholiths is that rock 
types within them repeat over distances of hundreds or 
even thousands of miles; the petrologic continuity in 
the Antarctic mountains suggests tectonic continuity 
also. 

Cobbles and erratics containing Early Cambrian 
pleosponges, both metamorphosed and nonmetamor
phosed, have been foui1d in four places in or near the 
trans-Antarctic mountains, in positions consistent with 
derivation :from ice-buried geosynclinal materials along 
the inland side of the mountains. Similar fossils char
acterize the Adelaide geosyncline of South Australia. 

The Antarctic coast from 50° to 145° east longitude 
is characterized by charnockitic (orthopyroxene-bear
ing) granitic and gneissic rocks. The various age de
terminations made on these rocks indicate Precambrian 
ages (Starik, Ravich, l{rylov, and Silin, 1959; 1960). 

No similar rocks have been :found in the trans
Antarctic mountains. A K/ Ar analysis of biotite in 
gneiss indicates an age of 500 million years (Cameron, 
Goldich, and Hoffman, 1960} a.t Marble Point, and 
seven whole- rock K/ Ar determinations in the same 
tectonic belt in Oates Land indicate an age of metamor
phism and formation of granitic rocks of about 500 mil
lion years (Starik, Ravich, Krylov, and Silin, 1959 2

). 

This appears to confirm the Cambrian orogeny inferred 
on geologic grounds. 

East Antarctica can thus be interpreted to be largely 
formed of a Precambrian shield, along whose Ross Sea-

s The actual measurements yielded calculated ages of 425-460 mtl
llon years; but these must be Increased by 20 or 30 percent to indicate 
tn1e ages, because of the loss of argon from feldspars In the rocks, 
according to .T. L. Kulp (oral communication). 
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Weddell Sea side a geosyncline was filled by early 
Cambrian and, presumably, late Precambrian sedi
ments. The contents of this geosyncline were meta
morphosed and intruded by batholiths during Cambrian 
time. 

This inferred pattern is strikingly similar to that of 
Australia, where the Precambrian shield of western 
Australia gives way in South Australia to the Adelaide 
geosyncline of Lower Cambrian and upper Pr~cam
brian sediments, and tlr:-.t to a Cambrian batholith 
characterized by granitic rocks (for example, the Mur
ray Bridge granite) which are remarkably si~ilar to 
those of the trans-Antarctic mountains. (The younger 
Paleozoic granites of Australia are very different.) 

Analogy with structures in Australia and New Zea
land suggests that orogenic belts of middle and late 
Paleozoic age may be present in Antarctica. One may 
be in eastern Marie Byrd Land, between the trans
Antarctic mountains and the Andean-type ranges of 
the Palmer Peninsula and in the Cape Adare region of 
eastern Antarctica. 

It may be significant that the position of the Cam-
brian ( ? ) orogen of Antarctica accords with Du Toit's 
( 1937) theoretical reassembly of the southern-hemis
pher3 continents, and forms a bridge between the Cam
brian batholiths of Australia and South Africa; Du 
Toit was not aware of the correlations between these 
granites, nor of their petrologic kinship. Many other 
features of Antarctic geology also fit well with Du 
Toit's reconstruction. 

REFERENCES 

Cameron, R. L., Goldich, S. S., and Hoffman, J. H., 1960, Radio
activity age of rocks from the Windmill Islands, Budd 
Coast, Antarctica: Stockholm Univ. Gontribs. Geol., v. 6, 
p. 1-6. 

Du Toit, A. L., 1937, Our wandering continents: Edinburgh, 
Oliver and Boyd, 366 p. 

Starik, I. Ye., Ravich, M. G., Krylov, A. Ya., and Silin, Yu. I., 
1959, Ob absolyutnom vozraste porod vostochna
Antarkticheskoi platformy: Akad. Nauk SSSR. Doklady, 
v. 126, no. 1, p.144-146. 

PALEONTOLOGY, GEOMORPHOLOGY, AND PLANT ECOLOGY 

175. GIGANTOPTERIDACEAE IN PERMIAN FLORAS OF THE SOUTHWESTERN UNITED STATES 

By SERGIUS H. MAMAY, Washington, D.C. 

The plant genus Gigantoptens is important as the 
Northern Hemisphere contemporary of Glossopteris, 
which dominated the Permian floras of Gondwanaland. 
In eastern Asia the gigantopterids had a broad geo
graphic distribution, but in North America they are 
known in only a small province east of the Ancestral 
Rocky Mountains; there they occur in Leonard-equiv
alent rocks. Their most significant occurrences are in 
north-central Texas, where they show the ·longest strati
graphic range and greatest floristic differentiation. 

Gigantopteris americana White is the oldest and only 
previously described American gigantopterid species. 
It apparently is limited to the Belle Plains and basal 
Clyde formations of the Wichita group, with question
able occurrences beneath the Talpa limestone member 
of the Clyde formation marking the upper limit of its 
stratigraphic range. Associated with it is the most di
verse North American Permian flora known. This in-

eludes many coal-swamp types, some representing new 
taxa. 

Above the Talpa limestone member, G. americana is 
succeeded by two new gigantopterid species. They 
both have 'approximately the same stratigraphic range, 
extending upwa.rd into the V a:le formation of the Clear 
Fork group. Associated floras contain fewer coal
swamp types than the Belle Plains and Clyde floras, 
and in their highest known occurrence near the top of 
the Vale, the new gigantopterid species are associated 
with dominant conifers and other elements suggestive 
of increased aridity. 

The Texas gigantopterids and some associated spe
cies strikingly resemble plants of the Permian Shih
hotse series of central China and correlative strata of 
adjacent areas; still others resemble Permian plants 
from the Ural region of Russia. Plant migration be
tween North America and Asia is thus suggested, with 
the southwP.stern United States a likely point of origin. 

... 
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176. UPPER PALEOZOIC FLORAL ZONES OF THE UNITED STATES 

By CJ-IARLJo:s B. READ and SERGIUS H. MAMAY, Albuquerque, N. Mex., 'Vashington, D.C. 

Much information has now accumulated regarding 
the stratigraphic n.nd lateral distribution of upper 
Paleozoic megafossil floras in the United States. The 
ensuing account is to be regarded as a report of prog
ress based on data that are admittedly incomplete and 
that very likely will continue to be incomplete for some 
decades. 

Investigations of upper Paleozoic floras have been 
chiefly of the plants in or associated with coal, although 

a number of floras have been reported that do not seem 
to have grown in coal-forming swamps. Facies prob
lems, therefore, exist in interpreting the sequences 1and 
distributions of floras. 

At present, 15 floral zones are recognized in the 
Mississippian (Read, 1955), Pennsylvanian (Read, 
1947), and Permian systems (Mamay and Read, 1954) 
in the United States (tables 176.1 and 176.2). Three 
of these are in the Mississippian, nine in the Pennsyl-

TABI.E 176.1.-Mississippian and Pennsylvanian floral zones 

12 

11 

10 

!) 

8 

7 

6 

5 

4 

Name 

Danaeites spp ____________ . 

Lescuropteris spp __________ 

N europteris flexuosa and 
Pecopteris spp. 

N. ran:nervis ______________ 

N. ten1tijolia ____ __________ 

M egalopteris spp __________ 

Mariopteris pygmaea and N. 
tennesseeana ___________ _ 

Mariopteris pottsvillea and 
Aneimites spp. 

N. pocahontas and Mariop
teris eremopteroides. 

I 
Appalachian region except for Southern I 

anthracite field 
Southern anthracite field 

Upper Pennsylvanian 

Upper part Monogahela for- Not known ___________________ 

mation. 
Lower part Monogahela for- _____ do _______________________ 

mation and upper part 
Conemaugh formation. 

Lower part Conemaugh forma- Post-Pottsville rocks undifferen-
tion and. upper part Aile- tiated. 
gheny formation. 

Middle Pennsylvanian 

Lower part Allegheny for- Upper part Sharp Mountain 
mation. conglomerate member, Potts-

·ville formation. 
Major part Kanawha forma- Not known ________ .. __________ 

t.ion. 
Base of Kanawha formation __ _____ do _______________________ 

Lower Pennsylvanian 

Upper part !\ew River forma
tion and upper part Lee 
formation. 

Lower part New River for
mation. 

Pocahontas formation ___ ..: ___ _ 

Schuylkill conglomerate mem
ber, Pottsville formation. 

Lykens Valley No. 4 coal bed 
and adjacent strata of Tum
bling Run conglomerate mem
ber, Pottsville formation. 

Lykens Valley No. 5 and No. 6 
coal beds and adjacent strata 
of Tumbling Run conglom
erate member, Pottsville for
mation. 

Midcontinent region 

Missouri and Virgil series. 

In Midcon tin en t regio 
zones 11 and 12 are 

n 
t no 

separable and are to 
gether designated the zon e 
of Odonopteris spp. 

Upper part of the De s 
Moines series. 

Lower part of Des Moine s 
series. 

Major portion of At.ok a 
series. 

Base of Atoka series. 

Bloyd shale, Morrow series. 

Locally basal strata of Penn
sylvanian system in Mid
continent region. 
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Name 

TABLE 176.1.-Mississippian and Pennsylvanian floral zones-Continued 

I 
Appalachian region except for Southern I 

anthracite field 

Mississippian 

Southern anthracite field Midcontinent region 

3 Cardiopteris spp. and Spen- Mauch Chunk formation _____ Mauch Chunk formation _______ Chester series (similar flor a 
opteridium spp. occur in Stanley shale). 

(No floras known) ___________ (No floras known) _____________ Meramec series (no flora s 
known). 

2 Triphyllopteris spp ________ Upper part of Pocono and Upper part of Pocono formation_ Osage series (no flora s 
Price formations. known). 

1 Adiantites spp ___________ ~ Lower part of Pocono and 
Price formations. 

Lower part of Pocono formation_ Kinderhook 
spores and 

series 
fossil 

(onl 
woo 

y 
d 

known). 

TABLE 176.2.-Permian floral zones 

Zone Name Kansas Oklahoma North Texas Arizona and New Mexico 
--------------------------------------

15 Younger Gigantopteris -------------------- ---------------------- Clear Fork group ______ 
flora. 

14 Zone of older Gigantop- Summer group Garber sandstone Belle Plains forma- Upper part Abo for-
teris flora, Glenop- (Glenopteris). (older Gigantopteris (older Gigantopteris mation; Hermit 
teris flora; Supaia flora). flora). shale (S~tpaia 
flora. flora). 

13 Callipteris spp __________ Wolfcamp equiv.a- Wolfcamp equiva- Wolfcamp equiva- Lower part of Abo 
lents; highest lents; highest lents; highest formation. 
occurrences in occurrences in occurrences in 
Chase group. Stratford formation. Moran formation. 

vanian, and three in the Permian. Although each of 
the Mississippian and Pennsylvanian zones is reason
ably consistent in its botanical makeup, the floristic 
zonation in the Permian is more complex. The floras 
of lowermost Permian maintain much similarity wher
ever found, but the succeeding floras display" a striking 
provinciality that invites speculation as to the reasons 
therefor, in terms of evolving paleogeography, paleoe
da phology, and other ecologic factors. 

The upper Paleozoic floral zones (tables 176.1 and 
176.2) are named for one or more especially character
istic plants. The following notes are intended to sup
plement briefly the tables and to report other common 
plant forms in the floral zones. 

Zone 1. Rhodea, JUwcopteds, A.lcicornopte1"is, Lagen.ospcrmlNn, 
Oalathiops, Girtya, Lepidodendropsis. 

Zone 2. Rhodea, early forms of Oardiopteris. 

Zone 3. Appearance of Sphenopteridium, Anei~~ites-like Adian
tites. 

Zone 4. Diminutive, round-lobed Sphenopteris; early Eremop
teris. 

Zone 5. N europteris smithsii, Sphenophyllum tenue, early 
Alethopteris. 

Zone 6. Neuropteris smithsii, Diplothmema cheathami,· in 
Rocky Mountains, Trichopitys. 

Zone 7. Nedoptcris lauccolata,, Oanliocarpon phillipsi group. 
Zone 8. Apvearance of Neuropteris rarinervi.'l, N. fte:mwsa, 

Pecopteris vestita. 
Zone 9. Pccopteri:s ·re.'Stita, Marioptcri.'S occidC'ntal·is, NeurOJJ

teris ovata, Linopteris rubella, cyatheoid pecopterids. 
Zone 10. N europteris ovata, cyatheoid pecopterids. 
Zone 11. N europteris ovata, Odontopteris spp, cyatheoid pecop

terids ; the Midcontinent and the ancestral Rocky Moun
tains Lebachia piniformis sporadic. 

Zone 12. Pecopterids of zones 10 and 11 abundant, Lepidoden
dron spp., Sigillaria spp. abundant. 

Zones 11 and 12 (locally combined). These zones differentiated 
in Appalachians, not recognized farther west. Interval, 
characterized by Odontopteris spp., N europtcris lindahli, 
cya theoid pecopterids. 

Zone 13. Many species common in zones 11 and 12. Conifers 
locally abundant. 

Zone H. Floras proYincial, the distribution dependent on pale
ogeographic and paleoedaphic factors. The Gigantopteris 
spp. and Glcuopteris spp. floras contain elements present in 
zones 11, 12, 13. The SttPaia spp. flora has some elements 
that suggest relationships with contemporary austral plant 
associations. 

Zone 15. Floras of this zone less diversified than in zone 14; 
contain elements of Permian Angara floras of Siberia. 

< 
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177. FOSSIL SPOOR AND THEIR ENVIRONMENTAL SIGNIFICANCE IN MORROW AND ATOKA SERIES, 
PENNSYLVANIAN, WASHINGTON ·COUNTY, ARKANSAS 

By LLOYD G. HENBEST, Washington, D.C. 

The Morrow flora and fauna of northwestern Arkan
sas are widely recognized as a standard of reference for 
early Pennsylvanian stratigraphy (Mather, 1915; Pur
due and l\1iser, 1916; Hen best, 1953). Though the over
lying Atoka series is a standard of reference in the 
Mid-Continent for rocks of early Middle Pennsylvanian 
age, its fossils ttre less well known (Miller, Downs, and 
I-I en best, 1948). Among the most abundant but least 
studied of the fossils of both series, however, are the 
spoor (that is, tracks, burrow marks, or other artifacts) 
of unknown animals. The spoor are commonly pre
served in sandsto11e, siltstone, or claystone beds that are 
virtually barren of other fossils. The nature of such 
animals can be inferred only by the 'Shape, position, and 
sedimentary environment of their artifacts compared 
with s~milar spoor of living forms. Such spoor have 
commonly been treated as oddities and, because of prob
lematic origin, as unworthy of taxonomic nomencla
t.ure. 

Many kinds of spoor, including several new and pre
viously undescribed· forms, compose the Morrow and 
Atoka assemblages. Six of the most typical are illus
tt·ated on figure 177.1. Arthrophycid and pa.leophycid 
burrows are particularly. characteristic of sediments 
composed of thin, alternating, ripplemarked beds of 
sandstone and of clay or siltstone shale. Oonostichus 
Lesquereux, 1876, and Laevicyclus Quenstedt also be
long in this association. The bottom side of the sand
stone sheets are commonly crowded with the paleo
phycid and arthrophycid burrows (fig. 177.1F). This 
is especially true of the Cane :Hill member of the Hale 
formation (Hen best, 1953, p. 1938-9) and a phase of 
the cyclothems in the Atoka (unit 4 and 9-same bed 
but offset by fault) of Miller, Downs, and Hen best 
( 1948, p. 67 4-5). 

Taonu/r'?.t8 colletti (Lesquereux), 1890, and Scalari
t'l.tba vVeller, 1899 (see unit 6 and 11 (same bed), idem) 
are commonly associated and overlap with a marine in-

vertebrate zone. These marine invertebrate faunas in
clude forms that are common in the marine phases of 
Illinois cyclothems and in cyclical sequences of the 
Pennsylvanian of J(ansas. No evidence of abyssal ori
gin for the cyclothems in Illinois, Kansas, or in the 
Atoka series in the Ozark region has been seen by this 
writer. On the contrary, evidence of shallow, near 
strand, and near sea level conditions is abundant. The 
Taonurus and Scalarituba assemblages are characteris
tic of the Atoka and higher Pel)nsy lvanian rocks of the 
Ozark and Arkansas Valley provinces. 

CONCLUSIONS 

The assemblages characterized by Taonu'f"US and 
those characterized by arthrophycids and paleophycids 
are regarded by some specialists as exclusively charac
teristic of flysch deposits and as indicators of abyssal 
environment. Without questioning the occurrence of 
similar spoor in abyssal environment or in flysch, it is 
evident that (a) these spoor in· the Morrow and in the 
Atoka series are preserved in sediments that were laid 
down in shallow, well-circulated, or well-aerated marine 
and possibly estuarine waters, (b) the organis~s were 
burrowing forms, (c) the environment supported a rela
tively meager fauna of shell-bearing invertebrates, and 
(d) of the few invertebrate shells preserved, some were 
probably detrital and exotic. · 

So far as identifiable, most of the Morrow and Atoka 
genera of spoor have a long stratigraphic range and are 
unreliable as indicators of age. Preliminary studies 
indicate that the fossil spoor in the Morrow and Atoka 
series are significant as indicators of environment and 
conditions of deposition and that they comprise val
uable local aids in differentiating and tracing sedimen
tary facies or rock units in mapping. The use of such 
spoor as the arthrophycids for determining the original 
attitude of sedimentary rocks in complex structures in 
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the Ouachita Mountains is supported by these occur
rences in the related but undisturbed rocks of the Ozark 
Highlands. 

Mather, K. F., 1915, The fauna of the Morrow group of Arkan
sas and Oklahoma: Denison Univ. Sci. Lab. Bull., v. 18, 
p. 59-284, pls. 1-16. 

Miller, A. K., Downs, R. H., and Henbest, L. G., 1948, A 
cephalopod fauna from the type section of the Pennsyl
vanian "'Vinslow formation" of Arkansas: Jour. Paleon
tology, v. 22, p. 672-680, pls. 101-103. 
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Explanation of figure 177.1 

A.-0, Oonostichus sp. Specimen cut in half. A., top; B, sectional view; 0, side. USNM 120231. Marine or estuarine shale 
above the Baldwin coal, Bloyd shale; Round Mountain, NW%, sec.14, T. 16 N., R. 29 W. 

Oonostichus Lesquereux, 1876 (see also Branson, 1959), originally thought to be a plant fossil, is here tentatively 
interpreted as the sand-filled spoor of a sedentary burrowing animal. Natural attitude, apex down. Some speci
mens show cone-in-cone vertical column, each cone flush with successive layers of sand and representing ascent 
with increment of s~iment. Locally abundant in Cane Hill member, Hale formation, and in Atoka series. 

D, Spoor of unknown animal. . Casts on bottom side, slab 5-8 em thick, fine-grained sandstone. Specimen collected and 
deposited in University of Arkansas Museum, by L. G. Henbest, 1923. Loose block probably from Cane Hill member, 
Hale formation; near center E¥2, sec. 24, T. 14 N., R. 32 W. 

Although appearing to be vertebrate tracks, presence of six digits, irregular retnacking, and absence of series of tracks 
for left legs suggest (but not conclusively) invertebrate origin, possibly the spoor of ·a side-walking crustacean. Sparsely 
scattered impressions of small crinoid columnals and brachiopod shells. Opposite side of sandstone slab bears oscilla
tion ripple marks and trail of a gastropod. 

E, Laevicyclus sp. Concentric marks on sandstone slab, Cane Hill member, Hale formation; cut, state highway 59, near 
center, south side, sec. 35, T· 13 N., R. 33 W. USNM 120232. 

These concentric marks were probably made by the waving tentacles of a polychaete worm (see also Seilacher, 1953, 
p. 430). A peculiar feature of several is the diametral ridge through the center which has no apparent correlation with 
polychaetid morphology. 

F, Spoor related to A.rthrophycus Hall, 1852, and Paleophycus Hall, 1847. USNM 120233; abundant in Cane Hill member, 
Hale formation, at same source as E. Genera originally classed as algae. Now regarded by some as spoor of burrow
ing animal, an interpretation here adopted. Sand-filled, attached to bottom side of sandstone slab, and extending into 
underlying, somewhat organic, dark shale. "Claw" or digging marks present. 

G, Weathered vertical joint face on cliff of typical "honeycombed", calcareous sandstone, Pnairie Grove member, Hale for
mation. Source same as of specimens in E and F, but half a mile north. Not collected. Origin of this prominent and 
characteristic feature of the Prairie Gr@ve member demonstrated at locality of E and F where cavities are directly 
traceable into arthrophycid spoor. 

H (left side) Taon.urus colletti Lesquereux, 1870. Roughly 150 feet above base, Atoka series, near center, south side, 
sec. 23, T. 13 N., R. 31 ,V. USNl\f 120234. 

Originally thought to be plant impressions, now regarded by most paleontologists as marks of a burrow
ing sedentary animal. 

1f (right side) Scalarituba sp. These tubes with cone-in-cone septa are more or less horizontal, commonly hook- or U-shaped. 
Abundant in many sandstone beds of Atoka and later. Pennsylvanian rocks of Boston Mountain and Arkan
sas Valley provinces. Also found in thin-bedded limestone, Early Mississippian age, New Mexico and Missis
sippi Valley. Here inte-rpreted .as spoor of sediment-eating, burrowing, worm-like animal in shallow marine 
and estuarine waters. 
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FIGURE 177.1.-Fossil spoor from Pennsylvanian rocks of Washington County, Ark. 
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178. PALEONTOLOGIC SIGNIFICANCE OF SHELL COMPOSITION AND DIAGENESIS OF CERTAIN LATE 
PALEOZOIC SEDENTARY FORAMINIFERA 

By LLOYD G. HENBEST, Washington, D.C. 

Foraminfera that had tube-shaped tests and lived 
permanently attached to invertebrate shells and sea
weed have been abundant in shelf seas since middle 
Paleozoic time. Their shells are widely distributed in 
1nost marine limestones, but their protean growth form 
toge.ther with striking similarities in external appear
ance between common but unrelated genera has con
fused efforts to classify them and has led to neglect. 
The neglect is disproportionate, however, to the poten
tial value of these foraminifers in paleoecology, partic
ularly for subsurface exploration for oil. 

The sedentary, tubiform foraminifers are divided in
to two unrelated families primarily on shell composi
tion .. Those whose shells are composed of cemented 
aggregates of bottom detritus are classed with the 
Tolypamminidae and those with secreted carbonate 
shells are classed wtih Cornuspirinae, family Opth
almidiidae. These differences in shell composition 
provide a simple means of recognizing the family rela
tions of living species, but diagenetic changes in shells 
as old as the late Paleozoic have. introduced confusing 
alterations in both the tolypamminid and cornuspirid 
fossils. 

Petrologic study of the shell material ofBerpulop8i8 
Girty, 1911, and of Apterrinella Cushman and Waters, 
1928, respectively among the most typical and ahun
d~tnt genera of Tolypamminidae and Cornuspirinae in 
the late Paleozoic, together with a study of 0Bagia 
Twenhofel, 1919, an algal-foraminiferal commensal, 
has revea.Ied information applicable for c.lassifying re
lated genera .. 

SHELL COMPOSITION AND CLASSIFICATION OF 
SERPULOPSIS GIRTY, 1911 

Girty ( 1911, p. 124; 1915, p. 41) originaUy classed 
SerpulopBis as the shell of a sedentary, marine worm. 
In 1934, however, he suspected that Serpulop8i8 was a 
foraminifer and asked me to correct the error. The 
shell consists of a proloculus followed by a tight coil 
of one to two volutions. The coil is followed by linear 
or wandering growth conforming to the surface of the 
support. Beginning with the proloculus, the shell has 
a, low profile in cross-section and its attachment to the 
support is broadly festooned-a characteristic of tubi
form, sedentary foraminifers that live in · shallow 

waters and therefore are subject to wave or current 
action and attrition or to capture by grazing animals. 

Externally, the shells of Girty's types have an agglu
tinate appearance, being composed of quartz grains of 
clay and silt sizes up to 15 microns in diameter. Some 
of the grains have glittering faces, indicative of second
ary enlargement. In collections from other localities, 
many serpulosid and related shells are covered with a 
distinct, euhedral quartz druse. These facts have been 
interpreted by some as positive evidence that the shell 
is a replacement, by quartz, of an original carbonate 
shell, and that such fossils belong to the cornuspirids 
instead of the tolypamminids. Others have claimed 
that the shells were actually agglutinate as they appear. 

. To test these counter claims, very thin sections of 
SerpulopBis shells were made. from Girty's type mate
rial and were mounted in Hyrax-a cement of 1.71 re
fractive index. The sections reveal that: (a) the 
grains are poorly sorted, the largest being 15 microns 
in diameter; and are composed mostly of quartz; (b) 
the boundaries of adjacent grains are dissimilar and do 
not mesh ; (c) the grains of the innermost zone are 
fitted and laid like masonry with the largest or flat faces 
toward the sarcode, forming a smooth inner surface; 
(d) the grains have random optical orientation; (e.) 
the larger grains can be resolved in sufficient detail to 
reveal that some have simultaneous and some have wavy 
extinction. These conditions show that the grains were 
of different origins and that the shell was originally a 
cemented aggregate of detrital grains, at least a part of 
which were quartz. For . these reasons Serpulop8is 
Girty, 1911, should be classed a...;; a tolypamminid. 

The same criteria may be applied to determine the 
origin for other supposedly agglutinate shells. 

COMPOSITION AND DIAGENESIS OF CORNUSPIRID 
SHELLS 

A perplexing feature of virtually ali late Paleozoic 
foraminifer shells that appear externally to be cornu
spirids is that in thin sections they prove to be com
posed of a dark, finely gra.nular material which is 
unlike the shell material of most other fora.minifers 
and invertebrates. Irregula.r parts of such shells resist 
digestion in very weak acid but no recognizable parts 
of the shells remain after digestion in 10 percent HCI. 
Preliminary X-ray analysis does not indicate the pres-
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ence of dolomite in the dark shell material. Question 
arose whether such shell material was originally (a). a 
chitinoid or other organic secretion, (b) an extremely 
fine aggregate of detritus masked by metamorphosed 
cement, or (c) a diagenetic end product of a peculiar 
carbonate material. 

A study of type material of Apterrinella Cushman 
and Waters, 1928, from a well core from the "Dothan 
limestone" of Permian age in Archer County, Texas, 
revealed preservations of very rare quality in which the 
shells have a "porcellaneous" or ivory luster externally 
and a slightly brownish hue and amorphous structure 
in section. At magnifications of X 1200, the shell 
material shows a vaguely granular appearance. These 
features characterize the shells of living species of 
Ophthalmidiidae (Wood, 1949, p. 235). A further in
dication of the qua.Iity of preservation is seen with 
polarized light. The submicroscopic crystals in the 
shells of living ophthalmids show little or no preferred 
orientation. In these rare preservations of Apterri
nella, the crystal orientation remains partly random 
n.nd such orientation as exists is related to the matrix 
rather than to the shell structure. Though apterri
nellid and similar shells of the· Paleozoic have long been 
accepted as originally "porcellaneous," these preserva
tions comprise the first minera.logic proof known to· me. 

The significance of the Archer County preservations 
is extended by recent collections from the Ibex lime
stone of Cheney at Ibex, Sh~ckelford County, Texas, 
in which numerous specimens of the same species of 
A7Jterrinella show, witl}in single shells, the diagenetic 
stages from "porcellaneous" carbonate material to the 
dark, finely granular end product that ~eretofore has 
been so perplexing and confusing. The diagenetic re
construction also resulted in a volume change and 1oss 
of all but the gross shell structures. The fact that a 
surface ornamentation consisting of deep, honeycomb
like pits, heretofore unrecognized, is preserved in the 
unaltered parts of these shelJs suggests that a more 
careful study of the Paleozoic sessile cornuspirids may 

reveal structures of unsuspected taxonomic va1ue. A 
study of Osagia Twenhofel, 1919, and Ottonosia Twen
hofel, 1919, of Pennsylvanian and Permian age (form 
genera composed of more or less concentric colonies of 
stony algae and sessile cornuspirid Foraminifera) in
dicates a similar diagenesis in both the algal and the 
foraminiferal shell material. 

In a recent important paper on shell composition, 
Blackmon and Todd (1959, p. 4) determined that the 
shells of seven living species of Ophthalmidiidae from 
shallow water were composed of calcite that has the 
very high magnesian content of 14 to 18 mol percent. 
It is here proposed that the shells of the late Paleozoic 
Cornuspirinae and of Osagia and Ottonosia colonies 
were likewise composed of magnesian calcite and that 
their instability was a result of a high magnesian con
tent. It is also suggested that the magnesian content of 
the ophthalmid shells is determined by the role of sym
biotic, chlorophyll-bearing Algae in the internal econ
omy of the animal. 

Pseudovermtiporella Elliott, 1958, late Permian of 
Asia Minor, was classed with some uncertainty by its 
author as Algae. Its peculiar, alveolar surface orna
mentation is related to that possessed by the early 
Permian apterrinellids from Ibex, Texas. The orna
mentation is usually obscured by diagenesis and here
tofore has been unrecognized. Pseudov·ermiporella is 
here transferred from the Algae to the protozoan family 
Ophthalmidiidae. 
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179. RELATION OF SOLUTION FEATURES TO CHEMICAL CHARACTER OF WATER IN THE SHENANDOAH 
VALLEY, VIRGINIA 

By JOHN T. HAcK, Washington, D.C. 

The Shenandoah Val·ley, Virginia (fig. 179.1), is an 
area about 130 miles long and 40 miles wide in the 
Appalachian Mo~ntains. The valley floor is underlain 

by intensely deformed Cambrian and Ordovician lime
stone and dolomite. The valley is flanked ·on the south
east by the Blue Ridge,. a highland 'area of resistant 
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FIGURE 179.1.-Map of Shenandoah Valley, Virginia .and West Virginia, showing the distribution of the 
principal kinds of rock and the location of sinks. Geology simplified from several sources, principally 
Butts (1933) and Edmundson (1945). Faults are not shown except for the North Mountain fault, 
on the northwest side of the valley. 
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Precambrian ( ~) igneous rocks and Cambrian ( ~) 
quartzite, graywacke, and argillite. On the northwest 
side of the valley, separated from the carbonate area 
by the North Mountain thn1st fault, is another moun
tainous area, underlain by shale and sandstone of 
Ordovician to Mississippian age. The Massanutten 
syncline, a major structural feature in the center of the 
valley, brings Ordovician, Silurian, and Devonian rocks 
down to the present topographic surface. 

The chemical quality of the water of each stream in 
this region, at periods of low or normal flow, depends 
on the kinds of rock in the drainage ba.sin. The range 
in composition of the waters is illustrated by the ex
amples shown in table 179.1, chosen from analyses of 
water at ·a.bout 30 localities (Connor and Schroeder, 
1957, Schroeder and l{apustka, 1957, and data collected 
by the writer). Water from quartzite basins in the 
Blue Ridge has an extremely low content of dissolved 
solids, low bicarbonate content, and a pH that is con
sistently below 7 and may go as low as 5.0 (type 1, table 
179.1). The water of the few streams that drain areas 
of granitic and metavolcanic rock in the Blue Ridge is 
higher in sodium and potassium and higher in silica 
than that of other streams, but like type 1 it is rela
tively low in bicarbonate and its pH averages about 7.0 

TA RI-J<J 179. 1.-A nalyses (in parts per million) of water of four 
streams typical of the Shenandoah Valley, Va. 

Type 1 Type 2 (lg- Type 3 Type 4 
(quartzite neous rock (sandstone- (carbonate 

area) area) shale area) rock area) 

Silica __________________ 7. 2 14.0 5. 9 4. 4 Iron ___________________ 
. 00 . 00 . 01 . 01 

Calcium _______________ .8 4. 8 13. o· 50. 0 
Magnesium ____________ 1.4 2. 2 3. 5 19.0 
Sodium and potassium ___ 1. 1 5. 4 4. 5 4. 2 
Bicarbonate ____________ 5. 8 25. 0 49. 0 236. 0 
Sulfttte ________________ .6 9. 2 8. 2 7. 7 
Chloride _______________ .4 1.0 2. 5 3. 0 
Fluoride _______________ .0 .2 .0 . 1 
Nitrate ________________ . 1 1.0 2. 0 2. 7 
To tELl dissolved solids ____ 14. 0 50. 0 63. 204 
Alkttlinity (as CaC03) ___ 4. 8 21. 0 47. 203 
pH (laboratory measure-

ment) _______________ 6. 4 6. 8 7. 6 8. 1 
pH (measured in field) ___ 6. 0 7. 5 -------- --------

Type 1. Canada Run, Augusta Co., Va. Drainage area ~ square mile, whole in 
quartzite. Collected by J. T. Hack, April 8, 1959. pH measured in 
field. J. W. Bnrnhart and W. B. Hurlburt, analysts. 

Type 2. East Fork, Stony Run, Pnge Co., Va. Drainage area 1 square mile, mostly 
In granodiorite. Collected by J. T. Hack, April 8, 1959. pH measured 
In field. J. W. Barnhart and W. B. Hurlburt, analysts. 

'l'ype 3. North Fork, Shenandoah River, at Cootes Store. Drainage area 215 square 
miles in sandstone, arkosic sandstone and shale (Data from Schroeder 
and Kapustka, 1957, p. 28). 

Type 4. Middle River ncar Grottoes. Drainage area 360 square miles. Mostly in 
limestone but includes shale and some sandstone (Data from Schroeder 
and Kapu~tka, 1957, p. 27). 

(type 2, table 179.1). A third class of streams drains 
areas of Mississippian to Ordovician sandstone and 
shale along the north west side of the valley and on 
Ma&Sanutten Mountain. The water of these streams is 
intermediate in calcium and bicarbonate content be.
tween the waters from basins in quartzite and carbonate 
rocks. Its pH ranges from 6.8 to 7.8 (type 3, table 
179.1). Water that drains areas of limestone and dol
omite is high in calcium, magnesium, and bicarbonate. 
Its total content of dissolved solids is high, averaging 
about 200, and its pH ranges from about 7.6 to 8.2 (type 
4, table 179.1). Many streams in the limestone area 
may be saturated in calcium carbonate at periods of low 
flow, during which travertine is deposited on the beds at 
many riffles. Though the sample of this kind of water 
shown in table 179.1 (type 4) is from a large stream, 
the quality of these waters is independent of the size 
of the drainage basin. Water from a certain small 
stream in carbonate rocks was found to have a similar 
composition, its bicarbonate content being 171 ppm. and 
its pH 8.1 (Bell Creek, drainage area 9 sq mi, Schroeder 
and Kapustka, 1957, p. 28). 

The solution cavities in the carbonate rocks of the 
Shenandoah V a.lley are distributed with relation to the 
stremns in a way that suggests a relation to the source 
of the water. In figure 179.1 the distribution of all the 
sinks large enough to be enclosed by 20-foot contours 
and shown on the Geological Survey's topographic 
maps of the area are indicated. Sinks are abundant in 
carbonate rock areas flanked by highlands of clastic 
rooks from which waters of low alkalinity issue. The 
map shows that at either end of the valley, where there 
are large areas of carbonate rocks in which most of 
the drainage is local, sinks are rare and occur only near 
the large rivers. Sinks tend to be further localized 
along strea.ms, such as Cedar Creek and the North 
River, that drain areas of clastic rock. The solution 
of carbonate rocks may be favored, therefore., by a 
large source of water of low alkalinity, in which the 
pH is less than 7.8 (Krumbein and Garrels, 1952, p. 8 
and 24). Other factors, of course, contribute to the 
localization of sinks and must be at least as important 
as the original character of the water entering the car
bonate rocks. These include various qualities of the 
rocks therpselves, such as composition, permeability, 
and structural features like fractures and joints. Data 
on aerial photographs of the southern part of the valley 
show, for example, that the Ordovician carbonate rocks 
have, on the average, 4.25 sinks per square mile, where
as the Ca.mbrian carbonate rocks have only 1.5 sinks 
per square mile. Solution features also appear to be 
especially numerous in areas where the rocks have low 
dips. 
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FIGURE 179.2.--Diagrammatic cross section showing inferred 
geologic conditions along the northwest foot of the Blue 
Ridge. 1, Quartzite in foothills of Blue Ridge; 2, dolomite 
and impure limestone of Cambrian age; 3, residuum of clay, 
silt, and sand; 4, quartzite gravel derived from (1) on ter
races and flood plains. 

Sinks filled with gravel are common along the north
west foot of the Blue Ridge, where impure Cambrian 
limestone and ·dolomite are overlain and almost com
pletely blanketed by gravel derived from the quartzite 
areas in the mountains, as shown diagrammatically in 
figure 179.2. The waters issuing f~om the mountains 
at temperatures between 11° and 25° C have pH values 
ranging from 5 to 6.8 and Eh values ranging from 
+ 0.3 to + 0.5 volts, as measured by the write.r in the 
field. These waters infiltrate the gravelly and cohbly 
alluvium on entering the limestone area, then react 
with the carbonate bedrock and emerge with a high 
alkalinity and pH, which clearly. shows that solution 
is taking place beneath the alluvial cover. As the in
soluble residue of the carbonate rocks cannot escape be
cause of the gravel cover, the fresh bedrock is overlain 
by silty and clayey residuum that is in many places 

over 100 feet thick. This process contributes to the 
formation of iron and manganese deposits, which oc
cur in considerable numbers in the residuum. What
ever iron and manganese are present in the carbonate 
rocks is nearly insoluble in water having the pH and 
oxidation potential of the water of the Blue Ridge 
streams (Krauskopf, 1957). These elements, therefore, 
like the siliceous residues, accumulate beneath the al
luvium as oxides and hydroxides, and in some places 
they. are concentrated in deposits of minable grade. 
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180. SOME EXAMPLES OF GEOLOGIC FACTORS IN PLANT DISTRIBUTION 

By CHARLES B. HuNT, Denver, Colo. 

In Death Valley, Calif., the area below about 1,000 
feet above sea level supports three quite different floral 
assemblages, reflecting three equally different kinds of 
ground. The area lies entirely within the Lower 
Sonoran Zone, and its climate is essentially uniform. 
Annual rainfall is about 1.5 inches; evaporation is 
about 150 inches a year; average temperatures in July 
exceed 100°F; minimum temperatures in wi;ter rarely 
reach :freezing; ground temperatures in summer go as 
high as 190°F. 

The gravel :fans surrounding the salt pan consist 
mainly o:f permeable ground, in which the water table 
is scores to hundreds o:f :feet below the surface. They 
support stands o:f xerophytes (fig. 180.1), plants that 
root in the zone o:f vadose water above the water table 

and that are capable o:f surviving protracted drought. 
At the :foot o:f the fans and at the edge o:f the salt pan, 

ground water comes near the surface, and the plants 

w. 

Panamint 
Range 

Gravel fan Salt pan 

..:.s! Black 
j Mountains 

a. E. 

FIGURE 180.1.-Generalized section across Death Valley, Oalif., 
showing distribution of plants. Xerophytes grow on gravel 
fans, phreatophytes grow at the foot of the fans where 
ground water is shallow. 'l'here are no flowering plants on 
the salt pans. 
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there a.re phren.tophytes-plants that cannot live unless 
their roots reach the water table or the capillary fringe 
above it. 

The salt pan, covering the lowest part of the valley, is 
without flowering plants, because the water in it is too 
~n.line to support them. 

FroumJ: 180.2.-Detni1s of distribution of xerophytes on gravel 
fans in Death Valley. The main washes, which benefit by 
runoff from the mountains, support stands of burroweed (b). 
Tributary washes that collect rtmoff from benchlands on the 
fm1s hnve stnnds of creosote bush (c) flanked by stands of 
desert holly (h). Bench lands between the washes commonly 
hnve an impermeable surface of desert pavement and are 
bnre. 

The xerophytes are distributed in three principal 
zones (fig. 180.2). At the foot of the fa.11s the com
lnonest shrub is desert holly (At1·iplew hyn!Jenelytra). 
Above this is a belt of creosote bush (Larrea 
t'l'identata) . The highest parts of the fans have stands 
of burro weed ( F1·an.se'l'ia d1mwsa). The distribution of 
these shrubs, however, when looked at in detail, is con
trolled chiefly by differences in ground conditions; the 
climatic differences due to the differences in altitude are 
slight. For example, the most barren ground on the 
fans is gravel having an impermeable pavement of 
caliche at the surface, which favors very rapid runoff. 
This kind of ground is without flowering plru1ts 
whether it is on the high or low parts of the fans. 
Ground around the foot of the fans, also, that contains 
more than 5 percent (by volume) of salts is bare. 

:Surroweed occupies those high parts of the fans that 
benefit by runoff from the mountains, where rainfall 
is much greater than it is on the fans. But because the 
runoff rapidly collects in washes floored with highly 
permeable gravel, it rarely extends far down on the 
fans. Vadose water on the middle and lower parts of 
the fans is replenished chiefly by the rainwater that 
falls there, and by the runoff_ from neighboring im
permeable surfaces. Creosote bush grows where the 
catchment areas are moderately large; desert holly 
grows where the catchment areas are small. The dis
tribution of each of the species is clearly a function of 
the availability of va~ose water. 

~ ·~ 1 
~ r ~ 
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SALTS IN GROUND WATER, 0.5 3.0 6.0 >6 
IN PERCENT 

l!"'IGURE 180.3.-Zoning of phreatophytes with respect to salinity 
of the ground water in De.ath Valley. 

Tlu~ phreatophytes in the belt of near-surface ground 
water at the foot of the fans are zoned in an orderly 
way with respect to the salinity of the ground water 
around their roots (fig. 180.3) Honey mesquite 
(Pro so psis juliflora) grows where the water contains 
less than 0.5 percent of salts. Arrowweed (Pluchea 
sericea) grows farther panward, to where the ground 
water contains 3 percent of salts. Pickleweed (Allen
'l'olfea occidentalis), the most salt-tolerant plant, ex
tends panwa.rd to where the ground wa.ter contains 6 
percent of salts. The salinity of the ground water 
varies seasonally; the limits represent the maxima 
rea.ched during dry seasons. 

In the salt pan proper, where th«3 brines contain 
more than 6 percent of salts, there are no flowering 
pla.nts, and even thallophytes (algae, fungi, and bac
teria) a.re few. 
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GEOPHYSICS 

. 181. RATE OF MELTING AT THE BOTTOM OF FLOATING ICE 

By DAVID F. BARNES and JoHN E. HoBBIE, Menlo Park, Oalif., and Arctic Institute of North America, 
Bloomington, Ind. 

Work done in cooperation with the Arctic Institute of North America, the Air Force Cambridge Re8earch Center, and the 
OtTtce of Naval Research 

The ice sheets covering Arctic lakes and seas have an 
important influence on both the surficial geology: and 
the climate of their environment. Yet the influence of 
the underlying water on the thickness and duration of 
these ice sheets has received little attention, although 
important effects are sometimes attributed to small 
changes in water temperature. Research on the thermal 
regimen and physical properties of a melting ice sheet 
at Lake Peters, Alaska, provided an opportunity to 
study the effect of a deep, current-free body of fresh 
water on an overlying sheet of ice. 

At Lake Peters a nearly continuous record was main
tained of the micrometeorological and limnological fac
tors influencing ice melt. The study began early in 
May, when the temperature of the 6-foot-thick ice cover 
was still below freezing, and ended in the last week of 
July, when the last ice melted off the lake. The rate 
of melting at the bottom of the ice sheet was obtained 
by freezing translucent plastic horizon markers into 
the ice early in the season and measuring their dis
tances from the top and bottom of· the ice sheet at 4-day 
intervals during the melting season. ·Many of these 
markers were originally attached to white wooden 
poles, but these poles absorbed so much solar radiation 
that they became loose midway in the season. Another 
marker, however, attached to a white wire, persisted 
nearly throughout the melting season. Because of the 
loosening of the m~rkers and the unevenness of the 
top and bottom ice surfaces, there is considerable scat
ter in the measurements. Nevertheless the data indi
cate that not more than a few centimeters melted from 
the bottom of the ice sheet during the entire m.elting 
season. 

This small amount of melting is consistent with the 
thermal gradients measured in the water beneath the 
ice. Water temperatures at various depths in the lake 
were determined at frequent intervals with a small ther
mistor probe lowered into the lake. Four curves ob
tained at the middle of Lake Peters during the melting 
season are shown in figure 181.1. The three early-sea-
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FIGURE 181.1.-Wa:ter temperature versus depth curves from 
Lake Peters, 1959. 

son curves show a well-mixed constant-temperature 
layer which grows warmer and thicker as the season 
progresses. The temperature gradient beneath the ice 
may be computed for the early part of the melting sea
son, during which this constant-temperature layer is 
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developing, but the proposed theory does not give the 
gradient in the later part of the melting season. 

The water temperature is below the maximum-density 
point, and the well-mixed layer can be created by warm
ing the water just beneath the ice so that it sinks and 
creates convection. Solar radiation penetrating the ice 
is the major source of heat for the lake water before 
mid-June, when rivers begin to flow and a shoreline 
moat develops. The heat radiated into the well-mixed 
layer is transferred downward by convection. Above 
the well-mixed layer is a thin, stably stratified boundary 
layer where the absorbed radiant heat is transferred 
upward by conduction. This is the heat that causes 
melting at the bottom of the ice, and its source is solar 
radiation. 

Because the convective processes in the well-mixed 
layer are very slow, we may assume that almost no heat 
is transferred from this layer to the boundary layer. 
The thermai processes in the stable boundary layer 
may then be expressed mathematically for steady-state 
conditions by the equation: 

(I) l.m=Kov I =lo(l-e-.,h) 
OX :r=O 

where L is the latent heat of ice, m the mass of ice 
melted per unit time and area, [{ the thermal-con
ductivity of water, v the temperature at depth w below 
the bottom of the ice, 10 the solar radiation that enters 
the water, ., the extinction coefficient of water, and l 
the thickness of the stable boundary layer. This equa
tion does not take into account the heat transferred up
ward by a thermal gradient within the ice. Measure
ments reveal, however, that during the .melting season 
such gradients are negligible. During the winter and 
before the melting condition is established the right
hand side of equation (1) gives the heat which is sup
plied to the ice by the water and which tends to reduce 
the amount of new ice formed by a thermal gradient in 
the ice. It thus furnishes a correction for Stefan's 
( 1889) formula for ice growth. 

Equation. ( 1) shows that in the absence of currents 
the heat available for melting ice cannot exceed the 
radiation reaching the lake water. At Lake Peters the 
solar radiation at the top of the ice was about 700 cal 
per cm2 per day, but less than %0 of this passed through 
the ice. In the following paragraphs we show that only 
about 115 of the radiation reaching the water was ab
sorbed in the stable boundary layer and caused melting 
of the ice. 

The thickness of the boundary layer, Z, may be ob
tained by integrating 

(2) ()2v =- rJlo e-.,x 
ox2 K 

557753 0~0-26 

Using the boundary conditions x=l, ~~ =0 and x= 0, 

v=O we get: 

(3) V=.b_-~ e-.,x_ lox e-.,t 
.,K rJK K . 

which gives the water temperature at any depth in the 
boundary layer. Since the temperature at the base of 
the boundary layer (w=h) is v=T, the temperature of 
the mixed layer, we get: 

rJKT 
(4) (I+rJh)e-.,'=1-h 

which defines .,z as a function of 'YJ~T. Figure 181.2 

shows the relation between 'YJ~T and both rJh and 

(1-e-.,h). The latter gives from equation (1) the 
proportion of radiation that goes into melting ice. 
The dashed line in figure 181.2 shows an approximation 
that leads to : 

(5) Lm~ 1.4-JrJKTio 
which shows that T, and / 0 all have an equal effect on 
the rate of melting. However, solar radiation and 
water transparency are more variable and cause greater 
variations in melting rate. 

7J.I.. a n d · ( I - e-TJ .i. } 
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FIGURE 181. 2.-Relationship between TJ~T and both .,.,h and 

(1-e-~h). 
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Sufficient data were obtained at Lake Peters to check 
the reliability of these formulas. The values of Land 
K are well known; they are about 80 caljgm and 0.0013 
cal oc-1 cm- 1 sec- 1 respectively. The values ofT and 
h may be obtained by plotting water temperature 
against depth. The extinction coefficient 7J and solar 
radiation Io were measured with a submarine photom
eter. Some uncertainty is involved in the photocell 
calibration, which depends . on both the spectral dis
tribution and the angular incidence of radiation at the 
point of measurement. However, an analysis of data 
obtained from Moon ( 1940), Lyons and Stoiber ( 1959), 
and the photocell manufacturer has provided a calibra
tion factor which is also supported by computations of 
water-heat increments from the temperature-depth 
curves. The extinction coefficient varied from 0.002 
cm- 1 to 0.005 cm-t, and we used an average value of 
0.003 cm- 1

• 

In the early part of June the radiation penetrating 
the ice was about 63 caljcm2/day, or 0.0007 cal/cmVsec, 
and the temperature of the mixed layer was about 3 ° C. 
From figure 181.2 these values give a boundary-layer 
thickness of about 67 em, which is very close to the 
measured value of a little more than 60 em. The calcu
lated heat flow to the overlying ice is about 10 cal per 
day, which implies an ablation rate of about one centi
meter per week. This agrees well with the measured 
ablation data. 

The variation of temperature with depth in the 
boundary layer may best be measured early in the sea
son, when the boundary layer is thicker then it is later 
on when there is no snow cover to absorb radiation. 
The May 16 temperature curve in figure 181.1 was ob
tained under snow-covered ice, and figure 181.3 shows· 
how well the data from the upper part of this curve 
agree with a theoretical curve obtained by using an 10 

of 0.00004 in equation (3). No radiation measurements 
were made on May 16, but· a value of 0.00004 is con
sistent with a value measured a few days later. 

These ·formulas seem to provide a reliable method for 
estimating the steady-state, under-ice thermal gradient 
during the freeze-up, winter, and early melting season. 
They do not take account of turbulent heat transfers re
sulting ·from water currents or ice drift. Later in the 
melting season (after mid-June at Lake Peters in 1959 
when the ice was about four feet thick) such turbulent 
transfers may become important. Furthermore, when 
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FIGURE 181.3.-0omparison of observed and theoretical water 
temperatures beneath Lake Peters ice on May 16, 1959. 

the water temperature approaches the maximum density 
value of 4°C small variations in salinity become im
portant, and layers of warmer, fresher water (Birge, 
1910) may develop beneath the ice, as shown in the July 
8 curve of figure 181.1. Analyses of the Lake Peters 
thermal data for this portion of the melting season are 
not complete, but the ablation-marker data show that 
the rate of melting at the bottom of the ice did not ex
ceed 1 em per week before the last week of the melting 
season. 
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182. INTERNAL FRICTION AND RIGIDITY MODULUS OF SOLENHOFEN LIMESTONE OVER A WIDE FREQUENCY 
RANGE 

By L. PESELNICK and W.F. OuTERBRIDGE, Washington, D.C. 

Previous work on internal friction of fine-grained 
limestone ( Peselnick and Zietz, 1959) has shown a 
linear dependence of the absorption co~fficient with fre
quency in the range 3 to 10 megacycles per second, and 
no variation in the modulus of rigidity with frequency 
within 4 percent experimental precision: 

A measurement of internal friction and rigidity was 
made for one of these samples, Solenhofen limestone, at 
3.59 cycles per second using the torsion pendulum. The 
internal friction, expressed in terms of the logarithmic 
decren1ent and amplitude absorption coefficient, was ob
tained for maximum surface shear strains of the order 
of 10-5 em per em, and at a temperature of 25° C. The 
n.bsolute error in this low frequency measurement of in
ternal friction was estimated to be less than 7 percent. 
The rigidity or shear modulus p. was obtained to within 
an error of + 1 percent and with a precision of one-half 
percent. 

The rigidity modulus· p. for the limestone at 3.59 
cycles per second was found to be 2.29 x 1011 dynes per 
sq em and was independent of the applied strains. This 
low frequency determination of p. agrees with the high 
frequency value of 2.2 x 1011 to 4 percent, which is 
within the experimental precision of the high frequency 
method. Therefore, the rigidity modulus for Solen
hofen limestone is the same for either low or high fre
quencies within 4 percent. 

Figure 182.1 shows the shear absorption coefficient 
for Solenhofen limestone plotted against frequency for 
the high frequency data of Peselnick and ~ietz 
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(1959). The graph is a straight line drawn through 
the origin, as=5.0 x 10-7 .(f) db per em, where I is in 
cycles per second. 

Figure 182.2 is an enlarged drawing of the section 
near the origin of the graph of figure 182.1. The loga
rithmic decrement at 3.59 cycles per second was found 
to be 5.0 x 10-3

•· The relation between the logarithmic 
decrement 8 and the absorption coefficient a 8 for shear 
vibration is (Peselnick and Zietz, 1959; Born, W.T., 
1941) 

8f 8.686 
as= 0 db per em (1) 

where I is the frequency of vibration in cycles per sec
ond and 0 is the shear velocity in cycles per second. 
The shear velocity, calculated from the measurements 
of density (2.59 grams per cc) and rigidity (p.=2.29 x 

1011 dynes per sq em) is O=yp. per p=2.97 x 105 cycles 
per second. By substitution of the appropriate quanti
ties into equation one, the shear absorption coefficient 
at 3.59 cycles per second is 5.25 x 10-7 db per em: the 
extrapolated value of «s at 3.59 cycles per second from 
the high frequency data is 18 x 10-7 (see fig. 182.2). 
Thus, the internal friction is a factor of 3.5 times lower 
than that obtained by linearly extrapolating the high 
frequency data to 3.59 cycles per second. 

The factor of 3.5, representing the ratio of internal 
friction at the specified high and low frequencies, can
not be accounted for solely by experimental error. An 
immediate consequence of this is that the absorption 
coefficient is not a linear function of the frequency over 
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the extended frequency raptge of 3.59 cycles per second 
to 10 megacycles per second. Thus, the previously re
ported linear function for the shear absorption coeffi
cient. in Solenhofen limestone ( Peselnick and Zietz, 
1959), as= 5.0 X 10-7 

(/) db per em, must be modified 
to express the dependence of internal friction for the 
extended frequency range. The exponential function, 
a8 = 13.125 X 10..-s (/) 1.os5 db per em, was chosen, and the 
agreement is within experimental error (see figs. 182.1 
and 182.2). It should be noted that the newer exponen
tial function is very close to a linear function in the 
frequency range from 3 to 10 megacycles per second, 
the exponent being nearly equal to one. 

More data are required to complete the spectrum; 
frequencies higher than 107 are required to show where 
scattering losses become predominant while lower fre
quencies are of interest to define carefully the loss 
function. 

The shear velocity as calculated· from the rigidity 
at 3.59 cycles per second is the same as the velocity de
termined iii the megacycle frequency range within the 
experimental uncertainty of 4 percent, at 25° C and at 
atmospheric pressure .. A relaxation process might have 

been suspected as a. result of viscous behavior of the 
grain boundaries (Ke, 1947), since grain boundary 
losses were found to be prevalent in Solenhofen lime
stone ( Peselnick and Zietz, 1959). Any difference be
tween the relaxed and unrelaxed velocities would nec
essarily be less than 4 percent had such a process taken 
place between 3.59 cycles per second and 10 megacycles 
per second. If it is assumed that no relaxation mech
anisms exist in this frequency range, it is reasonable 
that_ the elastic moduli at high and low frequencies 
should agree closely; because their magnitudes are re
lated through intergranular and interatomic forces, 
both of which presumably do not change for small 
amplitude measurements. 
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183. PHYSICAL PROPERTIES OF TUFFS OF THE OAK SPRING FORMATION, NEVADA 

By GEORGE V. KELLER, Denver, Colo. 

Work done in cooperation with the U.S. Atomic Energy Commission 

The U.S. Geological Survey has made intensive 
physical properties studies in support of the Atomic 
Energy Commission's underground weapons test pro
gram at the Nevada Test Site. Most of the under
ground nuclear explosions in the 1 to 20 kiloton range 
have been detonated in the tuffs of the Oak Spring for
mation of Tertiary age. The underground test area is 
located in a mesa a.t the northwest corner of the Nevada 
Test Site, approximately 55 miles north of Mercury, 
N~ • 

Near the test chambers, the tuffs are about 2,000 feet 
thick. All are rhyolitic to quartz latitic in composi
tion (Wilcox, 1959). The tuffs may be subdivided into 
three groups on the basis of texture: bedded tuff, friable 
tuff, and welded tuff. The bedded tuffs are dis
tinguishable from the friable tuffs by their greater 
coherency. The chemical difference between bedded 

and friable tuffs is small, except for a greater content 
of water in the bedded tuffs. In the friable tuffs, the 
conversion of glass fragments to zeolite is not so exten
sive as in the bedded tuffs, and only a thin rind of zeo
lite surrounds the glass fragments, so the rock is only 
weakly cemented and crumbles readily. The welded 
tuffs do not differ from the other units significantly in 
bulk chemical composition, and genera.Ily the lower 
parts of welded units grade into bedded and friable tuff. 

Samples for testing were obtained from several core 
holes drilled near the test chambers and from under
ground workings. Properties studied included textural 
properties, such as porosity, density, permeability and 
water content; strength and elastic properties, includ
ing acoustic velocities; thermal properties, including 
conductivity, enthalpy and entropy; and electrical 
properties. 
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TABLE 183.1.-Summary of physical properties of volcanic tuffs from the Oak Spring formation 

Bulk density dry 1 
'l'cxtural subdivision Porosity 1 (g per cm3) (g per cm3) 

Bedded tuffs _________________ 0. 388 ± 0. 070 1.50±0.16 
Bedded tuffs (pumiceous) ______ . 402± . 126 1. 37±0. 30 
Friu.ble tuffs _________________ . 355± . 138 1. 50± 0. 35 
Welded tuffs _________________ . 141± . 089 2. 18±0. 23 

I Ranges expressed arc one standard deviation. 
2 H.angcs expressed arc the complete range of observed values. 

TEXTURAL PROPERTIES 

The porosities, densities and permeabilities measured 
on drill cores from the tuffs in the Oak Spring are sum
marized in table 183.1. Porosities were determined by 
1neasuring the volume of water required to saturate 
samples, so the values present~d in table 183.1 represent 
interconnected pore volumes. Grain density measure
nlents indicate that there is almost no "blind" or un
satuntble porosity in the tuff. 

The porositif3S are very high. Many hundreds of 
wttter-content determinations h~ve been made on sam
ples obtained in their natural state from the mine 
workings, and in almost every determination the rocks 
have been found to be almost completely saturated with 
Wttter. Almost complete saturation with water is found 
in rocks several hundred· feet above the permanent 
Wttter table. The water is held by impermeable beds in 
perched water tables and by capillarity in fine pores in 
rock. 

STRENGTH AND ELASTIC PROPERTIES 

Tensile and compressive strengths were determined 
for severa:l samples of bedded and welded tuffs at the 
Geological Survey laboratory, ·and by the Applied 
Physics Laboratory of the U.S. Bureau of Mines 
(Robertson, 1959}. No samples of friable tuff were ob
taitled for strength tests, because the strength was too 
low to permit coring of a long enough specimen. A v
erage uniaxial tensile and compressive strengths under 
atmospheric confining pressure, are listed in table 183.2. 

Values of compressive strength are about 25,000 
pounds per square inch (psi) for the welded tuff and 
about 5,000 psi for the bedded tuff. As might be ex
pected, the compressive strengths of both types of tuff 
are much higher than the tensile strengths. The tensile 
strength, under atmospheric confining pressure, is about 
500 psi for welded tuff and about 200 psi for bedded 
tuff. 

Elastic moduli given in table 183.2 were determined 
by the Bureau of Mines by measuring the resonant fre
quencies of 2-inch samples excited in longitudinal and 

Permeability water 2 
Grain or powder (millidarcys) 

density (g per emS) 

Average Range 

2. 44±0. 11 0. 040 0. 00076-17 
2. 28±0. 12 11. 5 3. 7 -61 
2. 33±0. 24 1.4 0. 084 -27 
2. 55±0. 09 . :33 0. 00092-58 

Permeability air 2 
(millidarcys) 

Average Range 

0. 90 0. 07 -3 
21 4. 1 -7 

6. 0 0. 95 -4 
0. 66 0. 022-5 

9 
5 
1 
8 

torsional modes, and also from the slope of the stress
strain curves obtained during static load tests. 

Shear and dilatational velocities given in table 183.2 
were measured in small samples of tuff using an ultra
sonic pulse technique at a frequency of 400 kilocycles 
per second ( Peselnick, 1959). Dilatational velocities 
were also measured at confining pressures up to 450 psi 
and it was found that velocity of acoustic waves was in
creased 50 to 100 percent over the value at atmospheric 
confining pressure for friable tuffs, 10 to 20 percent for 
bedded tuffs, and not appreciably in welded samples. 

A great amount of information was obtained con
~erning acoustic velocities in place by refraction seismic 
surveys in drill holes and in tunnels and by acoustic 
logging of drill holes. It is likely that the acoustic 
velocity of rock in place is determined to a large extent 
by fracturing in the rock and by the confining pressure. 
This is particularly well shown by the acoustic log in 
the right column of figure 183.1. A linear increase in 
velocity with depth is apparent, probably representing 
the effect of increasing overburden pressure. The rock 
between depths of 1,050 and 1,120 feet through which 
an exceptionally low velocity is recorded is welded 
tuff, which the laboratory measurements showed to haye 
a high inherent velocity. The low recorded velocity is 
apparently caused by dry fractures. 

THERMAL PROPERTIES 

The enthalpy, or heat required to melt the tuff of the 
Oak Spring formation and to raise the liquid to a tem
perature of 1,500°C, given in table 183.3, was ca.lculated 
from modal analyses by F. C. Kracek (1959) of the 
Geological Survey. Variations in total enthalpy de
pend on the mineral composition, particularly the 
amount of water in the rock, because water absorbs the 
highest amount of energy per unit mass. 

Thermal conductivities were measured at room tem
peratures on several hundred drill cores of tuff. The 
conventional divided-bar technique was used. Meas
.urements were made both with the samples dry and sat
urated with water. The data (fig. 183.2} may be 
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TABLE 183.2.-Summary of strengths and elastic properties for tuff of the Oak Spring formation 

[All measurements were made on dry samples. Velocity data for tuff in its natural state are best obtained from velocity logs (fig. 183.1).] 

Bedded tuff (psi) 
Test 

Welded tuff (psi) 

Avg. Range Avg. Range 

Uniaxial strength tests 

Tensile ___________________________________________________ _ 
Compressive ______________________________________________ _ 

Dynamic tests 

120 
4.9X 103 

85-165 
3.4-8.7 

330 
21.1 X 103 

165-480 
6.8-29.1 

Young's modulus ______________________________ '- ____________ · 0.61 X 106 0.40-1.07 
0.20-0.49 
0.06-0.09 

1.48X 106 

0.59X 106 
1.22-2.01 
0.40-0.77 
0.02-0.53 

Rigidity modulus ___ ,________________________________________ 0.30X 106 
Poisson's ratio __________________________________________________________ _ 

Static tension tests 

Young's modulus ______________________________ ---:-·----------
Rigidity modulus ___ ~ ______________________________________ _ 
Poisson's ratio _____ · _______________________________ ~ _______ _ 

0.71 X 106 
0.25X 106 

0.03 

0.40-1.60 
0.19-0.32 
0.02-0.04 

1.69X 106 
0.78X 106 

0.08 

0.86-1.75 
0.40-0.82 
0.05-0.15 

Acoustic velocities 

Bedded tuff (Cps) Friable tuff (fps) Welded tuff (Cps) 

Test 
Avg. Range Avg. Range Avg. Range 

DilatationaL ______________________________ 5700 2750-10,500 5690 3250-8750 9750 9100-11,000 
Shear ___________ . ___________ . _____________ 3300 2000-6200 2900 1700-5500 6360 5600-7150 

TABLE 183.3.-.Modes and calculated enthalpy for tuff of the 
Oak Spring formation 

Welded tuff Bedded tuff 

Constituent Enthalpy Enthalpy 
Percent- contribution Percent- contribution 
age by (cal per g age by (cal per g 
weight of rock) weight of rock) 

Quartz. _______________ .. ____________ _ 
Orthoclase. ___________ ----- _________ _ 

Albite •.. __ --------------------------

35 
23 
25 

141.9 
111.9 
119.3 

Anorthite·--------------~------------- 15.0 
Zeolite ____________ . ___ • ___________________________________ _ 

Montmorillonite_____________________ 5 38.0 
Nontronite _____ .......• ___ . _______ . _. _. ______ .. _____ .• ____ _ 
Micas. ________ ._. __ • _______ . __ ... __ .. __ . ___ . __ . ______ • ____ _ 

Magnetite •.. -----------~------------ 1 2. 5 
Water_______________________________ 8 115.0 

19 
10 
10 
2 

25 
9 

1 
20 

TotaL._._ ... ___ ._._. ___ . ___ --. -.--- ... -- 543.6 ----------

77.0 
48.6 
47.6 
10.0 

146.0 
68.4 
6.5 
5.8 
2.5 

288.0 

705.4 

extrapolated to zero porosity to obtain an estimate of 
the conductivity of the mineral grains. Extrapolating 
the curve for measurements on dry samples gives a 
thermal conductivity of 2.67 cgs units, and for we.t 
samples, 3.09 cgs units. The extrapolated value for 
dry samples is probably. low because of the effects of 

boundaries between grains. Such boundary resistances 
should be less· in wet samples. The thermal conductiv
ity may be expressed in terms of porosity by an em
pirical equation : 

<ra=2.67(1-cJ>)l.84 

-3 09( )1.84+ 0.088 
<Tw- . . 1-c/> (1-c/>)4.8 

(1) 

(2) 

where ua and uw are the dry and wet conductivities, re"" 
spectively, in millicalories per centimeter second degree, 
and cJ> is the pore fraction. 

ELECTRICAL PROPERTIES 

The electrical properties of the tuff in the Oak Spring 
formation were studied to determine water content of 
the rock in place. Direct determinations of water con
tent are difficult because drilling water may contami
nate drill-core samples, and tunnel-wall samples may be 
dried by circulating air. Water content may be esti
mated from electrical resistivity measurements, if the 
ground water resistivity is known. Measurements of 
electrical properties consisted of two types; in-place 
measurement of resistivities in drill holes and tunnels, 
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l!.,IGURE 183.1.-Electric, neutron, and aeoustic velocity logs of the Oak Spring formation in a drill hole near the underground 
test chamber. 

and laboratory studies of the correlation between water 
content and electricnl properties. 

Resistivity measurements were made. by routine 
methods on core sa.mples resaturated in the laboratory 
with salt solutions of known ooncentrations (fig. 183.3). 
The relationship may be represented by an empirical 
equation: 

p= l.5pw W- 2' 2 (3) 

where p is the resistivity of the rock, in ohm-meters, pw 

is the resistivity of the water saturating the rock and W 
is the volume fraction of water in the rock. 

Rock resistivities were measured for about 100 
samples of tuff obtained in the natural state by under
ground air drilling. These data were used with equa
tion 3 to determine the resistivity of the pore water in 
the rock. The average. value so determined was 1.6 
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FIGURE 183.2.-Empirical correlation between average values of 
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ohm-meters, with a: 'total range in measurements from 
1.04 to 2.13 ohm-meters. 

Interpretation of the in-place resistivity measure
ments on the basis of equation 3 shows that the tuff in 
the Oak Spring formation in the area of the under
ground tests is water-saturated at depths of more than 
200 feet, but that fractures are not saturated, even at a 
depth of 900 feet. 

SUMMARY 

The amount of wa.ter in the rock was found to be 
the most important single factor in determining the 
physical properties of the tuff in Oak Spring forma
tion. Variations in thermal conductivity, bulk density, 
enthalpy, and electrical properties of the tuff are all 
determined by the water content, directly or indirectly. 
Variations in strength and acoustic velocity are prob
ably controlled by the fractures as well as by water con
tent. The ability of the tuff to transmit fluids is prob
ably · more dependent upon fractures than upon 
permeability, because the permeability of unfractured 
samples is low. · 
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184. MAGNETIC SUSCEPTIBILITY AND THERMOLUMINESCENCE OF CALCITE 

By FRANK E. SENFTLE, ARTHUR THORPE, and FRANCIS J. FLANAGAN, Washington, D.C. 

Work done in cooperation 'With the U.S. Atomic Energy Oommi8si,on 

It is well known that both magnetic susceptibility 
n.nd thermoluminescence n.re related to trapped electrons 
in a crystal lattice. It is therefore of interest to ex
amine the magnetic effects in crystals known to be 
thermoluminescent. 

Thermo'luminescent light is produced when a crystal 
is heated, thereby causing a release of trapped electrons 
from one excited state to some other lower energy state. 
Electrons displaced by ionizing radiation can be trapped 
by impurity centers or at so-called F-centers in the 
crystal. If an ionic crystal has impurity ions held in
terstitially, it is possible for such an ion to trap an elec
tron in its field. On heating, the electron is released 
ttnd moves to a region in whicli de-excitation can occur. 
The result is a drop in energy and the emission of light. 
Alternat~ly, if an ionic crystal is irradiated, electrons 
are also released from the anions and diffuse through 
the crystal until they are trappe~ by an anion vacancy 
site. The trapped electron is known as an F -center 
and is capable of absorbing visible light of a given fre
quency, thus producing a characteristic color. When 
the crystal is subsequently heated, the electron will be 
released from the F -center and will certainly re
combine with a neutra'l atom or a positive hole. As be
fore, the recombination results in the emission of 
thermoluminescent light (Friedman and Glover, 1952). 

Both of the above mechanisms of thermoluminescence 
involve electrons which may be unpaired with neighbor
ing electrons, that is, these electrons will have a result
ant spin and will thus contribute to the magnetic sus
ceptibility of the crystal (Jensen, 1939; . Heer and 
Rauch, 1953). Therefore if the number of electrons 
involved is large enough, there should be a noticeable 
change in the magnetic susceptibility of an irradiated 
crystal after heating. To determine whether the an
nealing of electron traps as observed in thermolumines
cence phenomena would also cause perceptible changes 
in the ma.gnetic susceptibilty, some exploratory experi
ments were made. 

THEORY AND EXPERIMENTAL RESULTS 

Let us consider the contribution of these crystal de
fects to the magnetic susceptibility. If an electron is 
trapped at such an impurity site or an F~center, the 

spin only will contribute to the magnetic susceptibility 
as the orbital angular momentum will be quenched by 
the interatomic forces in the lattice. The magnetic sus
ceptibility per gram will be given by 

n(32 
X 3MKT[4S(S+l)] (1) 

where n is the number of defect centers, {3 is the unit 
Bohr magneton, K is Boltzmann's constant, T is abso
lute temperature, M is the molecular weight, and Sis 
the spin quantum number. As pointed out by McClel
land (1953), depending on whether the impurity is a 
doubly or singly charged ion or a neutral atom, the value 
of S may be 0, -!, or 1. An F-center, of course, will 
have a spin oft. 

For the preliminary experiments, a specimen of nat
ural pink calcite was chosen. The pink color is due to 
manganese impurity and hence, if it is interstital, it 
will be a bivalent ion or a neutral atom. If it is a biva
lent ion, the spin will be zero, and it will not contribute 
to the susceptibility; if it is a neutral atom, the spin 
will be 1. Thus the susceptibility of n such manganese 
atoms per gram can be shown from equation ( 1) to be 

x=0.556 X 10-28n (2) 

Assuming a manganese content of 8 perce;nt, which is 
about the amount necessary to produce a light pink 
calcite, there would be some 8.7 x 10 20 impurity centers 
per gram if they were all interstital. The susceptibility 
due to these would be 0.048 x 10-6 emu per gram from 
equation ( 2) . 

Medlin ( 1959) has shown that manganese produces 
thermoluminescent peaks at 77° C. and 197° C. in cal
cite. The low temperature peak will have been an
nealed out by normal earth temperatures, but the higher 
peak will remain. The specimen was therefore heated 
to several temperatures on either side of the 197° C. 
and the magnetic susceptibility measured after each 
heating cycle, using the quartz helical spring balance 
(Senftle and others, 1958). The results in table 184.1 
indicate a substantial change in susceptibility and of 
the same order as predicted from the rough calcula
tion, that is, 0.055 X 10·6 emu/ gram. 

In a second experiment, the blue and green p'ortions 
of calcite from Las Cruces, New Mexico were separated 
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'!'ABLE 184.1.-Magnetic susceptibility of pink calcite 

Time and temperature Magnetic susceptibility (emu/gram) 
Unheated ________________ 0.'19X 10-6 
60°0 fot 30 min __________ · .19X10-6 
145°0 for 60 min _________ .178X10-6 .!lX=0.055X10-6 

244°0 for 60 min_________ .135X 10-6 

by ll~!ld-picking. The crystal.s were first heated to 
about 500P C. in an inert atmosphere to anneal out any 
naturally trapped electrons. They were then X-rayed 
for 10 minutes at 50 kv to refill the elect~on traps. The 
subsequent magnetic susceptibility data are shown in 
table 184.2. Why the susceptibility dropped in one 
case and not in the other is not obvious, but the reason 
may be related to the type of impurity content. Upon 
reheating to 500° C., the electron traps were again an
nealed out, and there was an accompanying drop in the 
magnetic susceptibility. Similar me.:'lsurement on other 
calcite specimens generally showed analogous decreases 
after the thermoluminescent peaks were annealed out. 

TABLE 184.2-Magnetic susceptibility of calcite from Las Cruces, 
N.Mex. · 

Magnetic susceptibility (emujgram) 

Treatment Blue Green 

Unheated calcite _______ ~ __ _ -0. 41 X 10-6 -0. 31 X 10-6 

Heated to 500° 0 and 
X-rayed _______________ _ -0. 29X 10-6 -0. 91 X 10-6 

Same sample, reheated to 
500° o ________________ _ -0. 07X 10-6 Sample lost 

To investigate the effect of F -centers ·on the mag
netic susceptibility, a dear crystal of a natural sample 
of calcite was chosen. This specimen contained less 
impurities than the previous specimens and hence 
would have few trapped. electrons associated with im
purities. It was irradiated with X-rays until it was 
colored a deep purple due to F-center formation. The 
magnetic susceptibility before and after irradiation 
was almost identical. It is not clear why a change in 
the susceptibility did not occur. Although the crystal· 
was purple due to X-radiation, it may not have had a 
sufficient number of F-centers formed to produce a 
measurea.ble change. A barely perceptible coloration 
by the unaided eye is equivalent to about 1()15 F-centers 
and from the density of coloration in the above crystals 
one would estimate a minimum of 1018 or 1()19 centers. 
For a spin of lj2, th.e magnetic susceptibility per gram 
due to F-center formation can be shown to be 

x=0.209 x 10-28n (3) 

Thus 1019 F-centers per gram would yield a magnetic 
susceptibility of 0.0002 X 10-6 emu/gram, a value too 
low to be detected. 

To obtain additional data on the effect, the suscepti
bility of a relatively fresh nonmetamict zircon, dis
tinctly purple in color, was measu·red. It was then 
heated to 600° C. in a helium atmosphere for one hour, 
after which the F-centers were completely bleached, 
leaving clear granular sugarlike crystals of zircon. 
There was, however, no difference between the mag
netic susceptibility before and after heating. 

· CONCLUSIONS 

These experiments indicate that natural crystals, such 
as calcite, which are thermoluminescent owing to im
purity content, have enough electron traps to signifi
cantly affect the magnetic susceptibility. On the other 
hand, crystals colored by F-center formation will prob
·ably not have enough traps, unless they have received a 
large radiation dose to perceptibly alter the magnetic 
properties. While thermoluminescence "glow curves" 
are only qualitative, thermomagnetic curves can prob
ably be determined for natural minerals from which the 
actuaJ number of interstitial impurity atoms can be 
calculated. Comparison of the experimental curve 
with that calculated from a knowledge of the chemical 
impurity data might shed some light on the past 
thermal history of the mineral. Also as thermolumi
nescence is used for radiation dosimetry, it may also be 
useful to use magnetic susceptibility to measure radia
tion doses. 
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185. SALT FEATURES THAT SIMULATE GROUND PATTERNS FORMED IN COLD CLIMATES 

By CHAULES B. HuNT and A. L. 'V"ASHBURN, Denver, Colo., and University of Canterbury, Christchurch, 
New Zealand 

Polar, subpolar, and alpine regions are characterized 
by ground patterns consisting of circles, nets, polygons, 
steps, and stripes. The mechanisms that produce 
these ground patterns are not fully understood, but 
frost action is clearly a major factor. Very similar 
ground patterns have recently been studied in Death 
Valley, Cali{, where freezing temperatures are seldom 
reached and the patterns must be attributed to deposi
tion,'solution, and cracking of salts. 

Sorted polygons resembling those associated with 
frost action have developed where there is· a layer of 
rock salt a few inches below the surface (fig. 185.1A). 
The salt, commonly about 6 inches thick, is cracked 
polygonally, and the positions of the cracks at the sur
face are marked by shallow troughs in which stones 
have collected. · 

Nonsorted polygonal patterns have formed also above 
some gypsum deposits, where a surface layer of loose 
grains of gypsum 1 to 6 inches thick is underlain by a 
firm layer of anhydrite 3 to 6 inches thick (fig. 185.1B). 
The anhydrite is broken by polygonal cracks, which 
widen into troughs at the surface. 

Other nonsorted polygons in Death Valley, ap
parently due to desiccation or thermal cracking, are out
lined by wedges of salt and resemble the ice-wedge 
polygons found in cold climates. 

The gravel fans around the sides of Death Valley 
are terraced with sorted steps, each consisting of a lo
bate riser of stones and a tread of finer material (fig. 
185.10). These are very similar to the terracettes ob
served in cold climates. In Death Valley the fine
grained material of the treads contains up to 10 times 
more water-soluble salt (up to 5 percent by volume) 
than the stable ground around the steps, but we cannot 
be sure whether the. steps developed because of the salt 
or the salt accumulated because of the steps. Rows of 
pegs across two steps show that no. significant move
ment has occurred in three years, despite several soak
ing rains. These Death Valley terracettes appear to be 
fossil features that date from a past climatic condition, 
and that are developing very slowly if at all under the 
present climate. 

Other kinds of ground patterns noted in Death Val
ley that resemble those in cold climates include sorted 
circles, sorted nnd nonsorted nets, and. sorted stripes. 

A 
Troughs containing stones 
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FIGURE 185.1.-Sketch a~d cross sections of ground patterns 
in Death Valley. A., Diagram of·sorted polygons above layer 
.of rock sal<t; B, cross section of nonsorted polygons in anhy
drite caprock on gypsum; 0, cross section of sorted step 
( terracette) . 
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186. THERMAL CONTRACTION CRACKS AND ICE WEDGES IN PERMAFROST 

By ARTHUR H. LACHENBRUCH, Menlo Park, Calif. 

Ice wedges are relatively clear, vertical wedge-shaped 
masses of ice which taper downward into permafrost to 
depths of several meters (fig. 186.1). They intersect 
every 20 meters or so to produce a honeycomb of ice, 
the trace of which produces a polygona;l pattern on the 
tundra surface. 

Although ice wedges have been discussed widely by 
geologists for more than a century, and their differential 
thawing has long plagued engineers, their origin and 
significance are still imperfectly understood. 

It is now generally accepted that ice wedges form in 
response to thermal tension set up in the frozen ground 
by its tendency to contract during the cold Artie winter 
(see, for example, Popov, 19&5). Thermal contraction 
cracks, formed in winter, penetrate permafrost to 
depths as great as 5 to 10 meters (fig. 186.2A). They 
are sealed by the freezing of surface water which enters 
when the surface thaws in early summer. The result
ing vertical ice vein (fig. 186.2B) is a zone of weakness 
subject to recurrent fracture and growth by repetition 
of the cycle in succeeding winters (fig. 186.20) . The 
thickened veins or "ice wedges," (fig. 186.2D) underlie 
the boundaries of the surface polygons and their dif
ferential thawing produces the shallow troughs by 
which ice-wedge polygons are usually delineated on the 
tundra surface. 

The size and configuration of the polygons are con
trolled to a large measure by the depth and mode of 
propagation of the thermal contraction cracks, and 
these in turn depend upon the nature of the thermally 
induced volume change and the rheological properties 
of the permafrost. In an attempt to gain a better 
understandi~1g of how these factors interrelate to con
trol ice-wedge polygons, and the related phenomena of 
mud-crack polygons and basalt-joint polygons, a 
theoretical study was carried out. A qualitative sum
mary of those findings pertinent to the evolution of a 
single crack is outlined below. In the companion ar
ticle (187), multiple cracking and the evolution of 
polygonal form will be discussed. Numerical and 
analytical details of the study will be elaborated else
where. 

RELATION BETWEEN TEMPERATURE AND STRESS 
IN THE UNFRACTURED MEDIUM 

The stresses that lead to fracture of the frozen ground 
must be accounted for by a visco-elastic response to 

FIGURE 186.1-Ice wedge in permafrost 
(photo by Troy L. Pewe) 

thermal contraction, not an elastic one ; for a formal 
calculation shows that thermal stresses developed in an 
elastic medi urn under the thermal regime of permafrost 
would be too large by an order of magnitude to satisfy 
requirements of the frost-crack theory. A simple linear 
relation bet,>een rate of cooling and stress is also un
satisfactory for it predicts that the stress falls off too 
rapidly with depth to account for ob~erved details of the 
fracture process. 
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A nonlinear relation between the principal com
ponents of distortional stress (Pi) and distortional 
strain ( E i) of the form 

1p dPt dEt . 
ij i+dt=p.dt' '/,= 1,2,3 (I) 

yields stress distributions compatible with field in
ferences regarding the fracture process. Numerical. 
values required for the exponent n, the elastic shear 
modulus p., and the viscoelastic para.meter "iJ are consist
ent with pertinent laboratory re$ults. 

Assuming the non distortional component of deforma
tion to be elastic~ horizontal stress r ( x, t) and ground 
temperature e (a1, t) are given at any depth, x, and any 
time, t, by the nonlinear~ differential equation 

dr +__r__ __!__ rn=- Y de (2) 
dt 1-v 3n2~ 1-v dt 

where Y and v are Young's modulus and Poisson's ra
tio respectively. Application of (2) indicates that 
rapid cooling is as important as low temperature in 
producing. the large stresses that crack frozen ground. 

MECHANICS OF THE FRACTURE PROCESS AND 
PREDICTION OF CRACK DEPTH 

When the tension near the surface is approaching the 
tensile strength, stresses at depths on the order of 10 
feet and more are generally compressive owing to the 
combined .effects of the time lag in the penetration of 
the seasona.I thermal wave, and compression caused by 
the weight of overburden. When the tensile strength 
is exceeded near the surface, a tension crack forms and 
propagates downward. The depth at which it stops 
depends primarily upon the opposing effect of com-

pression at depth, and the dissipation of strain energy 
by plastic deformation near the leading edge of the 
crack. Theoretical calculations show that if the me
dium is relatively nonplastic, the tension crack will 
penetrate- deep into the compressional zone; if not, it 
will stop near the neutral horizon at the base of the sur
ficial tensile zone. Judging from experimental results 
reported by. Irwin (1958) for other materials, it is 
likely that initial crack depths in most solidly frozen 
earth materials can be approximated satisfactorily by 
neglecting the plastic dissipation. Thus it is probable 
that most contraction cracks in permafrost penetrate 
initially much deeper than the tension that produced 
them, with more than half of the crack lying in strata 
that were in compression at the time of cracking. 
Subsequent visooelastic effects might be expected to 
produce a slow closing of part of the crack from the 
bottom. 

The crack depth is dependent on the actual stress 
distribution at the time of cracking. Other things be
ing equal, deeper cooling generally produces deeper 
tension and deeper cracks. The depth of a crack can, 
of course, change as the stress regime changes with the 
progressing season. Numerical calculations based upon 
temperatures measured in Alaskan permafrost, equa
tion (2), and a mathematical formulation of the pres
ent considerations of fracture mechanics yield results 
consistent with the observed depth, frequency, and mode 
of cracking. 
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187. CONTRACTION-CRACK POLYGONS 

By ARTHUR H. LACHENBRUCH, Menlo Pa.rk, Calif. 

"Contraction-crack polygons" is the name applied to 
a reticulate system of intersecting contraction cracks on 
the surface of a body. They form in response to 
tension resulting from decrease in volume, usually 
caused by cooling or dessication. They occur in di
verse media on a variety of scales ranging from a few 
millimeters in cooling ceramic ware to 50 meters in 
permafrost. They include mud cracks, columnar
basalt joints and shrinkage cracks in concrete. Some 

mechanical considerations arrsrng from a theoretical 
study of ice-wedge polygons are applied briefly to the 
general problem of contraction-crack polygons in the 
qualitative summary that follows. 

THE "ZONE OF STRESS RELIEF" AND POLYGON 
DIAMETERS 

vVhen tension (To)' caused by dessication or thermal 
contraction exceeds the tensile strength at the surface 
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To=uniform horizontal tension before fracture. 
... =componen't of tension parallel to crack after fracture. 
.. ,=component of tension perpendicular to crack after 

fracture. 

(x=O), a crack forms and penetrates the medium to 
some finite depth ( x =b), determined by factors dis
cussed in the previous article, The horizontal com
ponent of stress, rn in the direction normal to the 
crack vanishes at the crack walls (y=O), but it in
creases asymptotically to the precracking value ( ro) at 
large horizontal distance from the crack (y> >b) (see 
fig. 187.1). Each crack is therefore surrounded by a 
band in which the cracking has caused appreciable re
duction of horizontal tension: the "zone of stress-re
lief." The stress configuration in the zone of stress
relief depends primarily upon the stress distribution 
that would exist in the medium if it were not fractured, 
i.e. upon the thermal stress. It has been calculated 
approxima.tely by applying Muskhelishvili's method of 
complex stress functions to the problem of a crack in a 
semi-infinite elastic medium with a nonuniform stress 
field. The thermal stress upon which this solution is 
superimposed is calculated from a visco-elastic relation 
(like equation 2, p. B406) and hence most inelastic effects 
are accounted for. (The problem of nonlinearity is 
handled separately.} In general, increased depth of 
thermal tension and (or) increased crack -depth re
sults in wider zones of stress-relief, and hence more 
widely spaced cracks and larger polygons. Applica
tion of the theory to ice-wedge polygons yield numerical 
results compatible with observed polygon diameters. 

MULTIPLE CRACKING AND EVOLUTION OF 
POLYGONAL FORM 

The component of thermal tension ( rz) at the ground 
surface in the direction parallel to the crack is relieved 
only slightly by the cracking, and hence large hori
zontal stress differences ( Tz- ry) occur within the zone 
of stress relief (fig. 187.1). A second crack entering 
this zone of stress relief tends to aline itself perpen
dicular to the greatest tension, rz, and hence tends to 
intersect the first crack at right angles. Conversely the 
occurrence of an orthogonal intersection generally im
plies that one of the cracks predated the other. This 
suggests a useful scheme for classifying contraction
crack polygons as follows: 

ORTHOGONAL SYSTEMS 

Orthogonal systems of polygons are those that have 
a preponderance of orthogonal intersections. They 
are evidently characteristic of somewhat inhomogene
ous or plastic media in which the stress builds up grad
ually, with cracks forming first at loci of low strength 
or high stress concentration. With increasing thermal 
(or dessication) stress, polygons are subdivided by 
cracks initiating near polygon centers. The polygons 
attain such a size that zones of stress-relief of neigh
boring cracks are superimposed at the polygon centers 
in such a way as to keep the stress there below the ten
sile strength. The polygon size at any time depends 
upon the nature of the applied stress and configuration 
of the zones of stress relief of individual cracks. The 
cracks do not all form simultaneously and hence each 

FIGURE 187.2.-Random orthogonal ice-wedge polygons in perma
frost. . 1 inch=100 yards in foreground. (Photo by Gordon 
W. Greene.) 
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new crack tends to join existing ones at orthogonal 
intersections. Orthogonal systems can be conveniently 
divided into two subgroups: 

a. Random orthogonal systems in which the cracks 
have no preferred directional orientation (fig. 187.2). 

b. Oriented orthogonal systems in which the cracks 
have preferred directional orientation. Most oriented 
orthogonal systems in permafrost are probably caused 
by horizontal stress differences which are generated by 
horizontal thermal gradients near the edges of grad
ually receding bodies of water (for example, slowly 
draining lakes and shifting river channels). Under 
such conditions the induced polygonal system forms 
with one set of cracks parallel to the position of the 
water's edge and the second set normal to it (fig. 187.3). 
Oriented orthogonal systems can also result from top
ographic effects or from anisotropy of horizontal ten
sile strength as in steeply dipping shales. 

NONORTHOGONAL SYSTEMS 

Non orthogonal systems of polygons are those that 
have a preponderance of tri-radial intersections, us
ually forming three obtuse angles of about 120°. It is 
suggested that they result from the uniform cooling of 
very homogeneous, relatively nonplastic media. Judg-

FIGURE 187.3.-0riented orthogonal ice-wedge polygons in per
mafrost, Alaskan Arctic Coastal Plain. Pattern generated 
on slip-off slopes by thermomechanical effect of migrating 
meanders. 1 inch=1,500 feet. 

ing from experimental and theoretical results from the 
field of fracture mechanics, it is likely that under these 
conditions cracks propagate laterally until they reach 
a critical velocity (on the order of hal£ that of elastic 
shear waves) and then branch at obtuse angles. The 
branches then accelerate to critical velocity and branch, 
and so on. Unlike in the orthogonal system, all ele
ments of a nonorthogonal intersection are generated vir
tually simultaneously. 

SIMULTANEOUS 
BRANCHES 

a 

SECONDARY 
CRACK 

b 

PRIMARY 
CRACK 

FIGURE 187.4.-Comparison of nonorthogonal intersection (a) 
and an orthogonal intersection (b) at a convex bend in a 
primary fracture. Arrows indicate directiOJt of propagation. 
When crack trace widens (dotted lines) , the two forms may 
be indistinguishable. 

Although many ice-wedge intersections appear to be 
of the nonorthogonal type, the surface expression of a 
wedge is so wide that it is generally difficult to distin
guish between a non orthogonal intersection (fig. 187.4a) 
and an orthogonal intersection at a convexity in the 
primary fracture (fig. 187.4b). From mechanical con
siderations it can be shown that if a curve exists in a 
primary fracture, its convex side is favored as a site of 
(orthogonal) intersection by a secondary fracture. It 
is therefore difficult to determine with certainty whether 
any fracture systems in permafrost are nonorthogonal. 
It is worth noting, however, that ice-wedge polygons, 
which superficially at least seem to be nonorthogonal, 
occur commonly in the homogeneous sediments of 
rapidly drained lake basins. On the basis of the pres
ent point of view such an environment, thermally and 
mechanically uniform, would favor nonorthogonal 
systems. 

THE CLASSIFICATION APPLIED TO OTHER TYPES OF 
CONTRACTION-CRACK POLYGONS 

Inasmuch as this geometric classification seems to 
have genetic significance, at least for ice-wedge poly
gons, it might be useful when applied to contraction
crack polygons in general. Crackle-finish ceramic ware 
generally displays a random orthogonal pattern, except 
locally where topography of the object (ash tray, vase, 
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FIGURE 187.5.-Nonorthogonal contraction-crack polygons in 
basal't, Devils Post Pile National Monument, Calif. (Photo 
by Gordon W. Greene.) 

etc.) may produce an oriented orthogonal system. This 
is consistent with the observed fact that ceramic poly
gons evolve gradually. The classic occurrences of col
umnar basalt joints described in the literature seem to 
be of the nonorthogonal type; consistent with the re
quirements of thermal and mechanical homogeneity and 
low plasticity (fig. 187.5). 

Dessication polygons in mud and shrinkage polygons 
in concrete seem generally to be of the orthogonal type, 
although certain complications beyond the scope of this 
paper are introduced by their plastic behavior. Inas
much as cracks in these media are often irregular, they 
have many "convexities" at which orthogonal intersec
tions (fig.187.4a) could be confused with nonorthogonal 
ones (fig.187.4b) asthecrackswidened. Laboratoryex
periments by the writer confirm that in general mud
cracks propagate slowly, do not branch, and form 
orthogonal intersections. This is consistent with the 
present point of view which calls for high propagation 
velocities and branching to produce nonorthogonal 
intersections. 

188. CURVATURE OF NORMAL FAULTS IN THE BASIN AND RANGE PROVINCE OF THE WESTERN 
UNITED STATES 

By JAMES G. MooRE, Menlo Park, Calif. 

Work done in cooperation with the Nevada Bureau of Mines 

Recently many new data have become available on 
details of the topography of the Basin and Range prov
ince. The new series of Army Map Service topographic 
maps provides almost complete coverage of the province 
at a scale of 1: 250,000 with a 200-foot contour interval. 
One of the most striking features that the maps show 
is the nonlinearity of the ranges. Many of the ranges 
are arcuate, the longer ranges being linked segments of 
arcs. The arcuate pattern of a range as a whole is be
lieved to reflect the arcuate pattern of the main bound
ing fault. 

Many of the individual ranges of the Basin and 
Range province are tilted Cenozoic fault blocks (Davis, 
1925; Mackin, 1960; Osmond, 1960). The geology of 
many ranges is still little understood, but geologic map
ping in recent years has yielded information on the 
direction of tilt of some of the ranges. The criteria by 
which the direction of Cenozoic tilt of ranges is deter
mined are listed in order of decreasing reliability : (a) 

557753 0-60--27 

general direction of dip of Cenozoic sedimentary and 
volcanic rocks, (b) distribution of rocks of different 
ages within a range, (c) topographic asymmetry of a 
range, (d) dip of major Cenozoic normal faults, and 
(e) general dip and structure of pre-Tertiary strata. 
In addition, criteria which point to the asymmetry 
(and hence direction of tilt) of the intermontane basins 
also provide data on the Cenozoic tilt of adjacent 
ranges. These criteria include topographic shape of 
basin surface as well as the topography of the buried 
bedrock surface determined by geophysical measure
ments, chiefly gravity surveys. 

An interesting relation appears to exist between the 
tilt of each range and its map plan. Many of the 
ranges exhibit an arcuate map pattern. Fairly simple 
tilted block mountains are made up of a single arc 
which is generally from 10 to 30 miles long with a 
radius of curvature of 20 to 40 miles, and the ranges 
are generally tilted toward the convex side of the arc. 
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TABLE 188.1.-Fault block ranges in the Basin and Range province showing direction of curvature and probable Cenozoic tilt. Fifty-five 
of better known ranges have been selected 

Range Army Map Service sheet 
Convex 

east 

East tilt 

Convex Straight, 
west irregular 

Convex 
east 

West tilt 

Convex Straight, 
west irregular 

Abert Rim _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Klamath Falls_______ _ _ _ _ _ _ _ _ 1 X _______________________________ _ 
Amargosa Range ______________________________ Death Valley________________________ X ________________ --------
Argus Range ______ .::: _________________________ Death Valley________________________ X _______ · _________ --------
Bare Mountain _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Death Valley________ X _______________________________________ _ 
Belted Range _________________________________ Goldfield___________ X _______________________________________ _ 

Black Rock Range, south end ___________________ Vya --------------- X ________________________________ --------
Bristol Range ________________________________ Lund_______________ X ________________________________ --------
Buckskin Range _________ -_-_-_-______________ Reno ___ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ __ __ __ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _ X 
Cedar Mountains _____________________________ Tooele _____________ ---------------- X ________________ --------
Cortez Mountains ______ -_-_-_-_-______________ Winnemucca _ _ _ _ _ _ _ X _______________________________________ _ 
Coso Range ____________ - _- _- _ -- ______ - _ _ _ _ _ _ Death Valley_____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X 
Deep Creek Range ___ -_-_-_-_-_-- ______ -______ Delta______________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______________ _ 
Dove Creek Mountains ________________________ Brigham City _______________ --------________________ X --------
East Humboldt Range _________________________ Winnemucca ------- 1 X ________________________ -------- _______ _ 
Egan Range, northern part ______ -______________ Ely _______ ...:________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______ _ 
Egan Range, southern part _____________________ Lund ________ .:.______ X ________________ -------- ________ --------
Eugene Mountains ____________________________ Lovelock ___________ ---------------- X ________ -------- --------
Fish Springs Range ___________________________ Delta______________________________________________ X _______ _ 
Fortification Range ______ - ___ -_-______________ Lund_ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______________________________________ _ 

Grant Range -------------------------------- Lund ________ ..: ______ ---------------- X ________________ --------
House Range ______ -------------- ____ - _ _ _ _ _ _ Delta _______ --_____ X _______________ - _______________________ _ 

lnyo Range, south end ________________________ Death Valley~--------------- ________ ------.---------- X --------
Kawich Range ________________________________ Goldfield___________ X -------- ________________ ----------------
Kingsley Range _________ ..: ______ - _____ ~________ Elko__ __ __ _ _ _ _ _ _ _ _ _ X _______________________________________ _ 

Kings River Range, southern part_ _____________ Vya________________ X ________________________ -------- --------
Klamath Lake, rim east of _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Klamath Falls_______ 1 X _______________________________________ _ 
Last Chance Range ___________________________ Goldfield___________ X ________________ -------- -------- _______ _ 
Mineral Mountains ___________________________ Richfield___________ X ________________________________ --------
Monitor Range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Millett _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 X _______ _ 
Newfoundland Mountains ______________________ Brigham City _______ --------________________________ X _______ _ 

North Promontory Mountains ---------------- Brigham City_______ X ________________________________ --------
Oquirrh Mountains ___________________________ Tooele _____________________ -------- X ________________ --------
Osgood Mountains, southern part_______________ McDermitt_________ _ _ _ _ _ __ _ ___ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______ _ 
Pahrock Range (southern)_____________________ Caliente _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______ _ 
Panamint Range ____ - _--- _- ___ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ Death Valley________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______________________ _ 
Poker Jim Ridge _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ AdeL _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______________________________________ _ 

Reveille Range-----------------------------.-- Goldfield___________ X ________________ -------- _______________ _ 
Ruby Mountains __________________________ :.. __ Elko_______________ ________ ________ ________ ________ X _______ _ 

Seven Troughs Range _________________________ Lovelock___________________________________________ X --------
Sheep Range_________________________________ Caliente _ _ _ _ _ _ _ _ _ _ _ X _______________________________________ _ 
Shoshone Range, south part . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Winnemucca _ _ _ _ _ _ _ X _______________________________________ _ 
Simpson Park Mountains ______________________ Millett ____________ X ________________________________ --------
Singatse Range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Reno _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X 
Spruce Mountain Ridge _______________________ Elko_______________ X _______________________________________ _ 
Stansbury Mountains ________________________ - Tooele_____________ _ _ _ _ _ ___ _ _ _ __ _ _ _ X _______________________ _ 
Steens Mountain _________________________ -~___ AdeL _ _ _ __ _ _ __ _ _ _ _ _ _ ___ ____ _ _ _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ __ __ _ X ___ -----
Sulphur Springs Range ________________________ Millett_____________________________________________ X --------
Terrill Mountains _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Reno _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______ _ 
Toiyabe Range_______________________________ Millett_____________ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1 X _______ _ 
Virginia Range _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X 

Wah Wah Mountains _________________________ Richfield___________ X ________________________ ----------------
Warner Mountains _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ Alturas _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ X _______ _ 

West Humboldt Range ________________________ Lovelock___________ X ________________________ -------- --------
West Tintic Mountains ________________________ Delta______________ X _______________________________________ _ 
Winter Rim __________________________________ Klamath Falls _______________________________ --------- X --------

Tot~ ---------------------~----------- -------------------- 25 1 8 1 16 4 

' Refers to ranges composed of more than one linked arcuate segment .. 

.,./ 
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For example, the north-trending House Range in west-
. ern Utah is convex to the east in plan and is tilted to 

the east. The central Ruby Mountains of northeastern 
Nevada is con vex to the west in plan and is tilted to the 
west. More complex raJ1ges are made of several of 
these arcuate segments, as, for example, the Ega.n 
Range and the Toiyabe R.ange of central Nevada. Each 
segment must be considered rather than the range as 
a whole, and clearly defined arcs of the scale indicated 
above generaJly are convex toward the direction the 
i~ange is tilted. Ranges that are nearly straight in 
plnn are generally those which are more horstlike, that 
is, flanked on both sides by major faults. 

Ta.ble 188.1lists 55 ntnges about which there is some 
data, on the direction of tilting. Of 34 ranges tilted 
enst, 25 are convex east, 1 is convex west, and 8 are 
ru,ther straight or irregular in shape. Of 21 ranges 
tilted west, 16 are convex west, 1 is convex east, and 
4 are straight or irregular in shape. This relation be
tween the arcuate plan and sense of tilt of mountain 
blocks is not entirely consistent, but the pattern is re
peated so frequently that it is considered to be an 
in1portant feature of basin-range structure. The curva
ture of the fault block ranges reflects the curvature of 
the mttin bounding fttult in plan; hence, the fault itself 

]j"'IGURE 188.1.-Block diagram showing typical curvature and 
tilt of ranges in the Busin and Range province. The fault 
surfuce is believed to be doubly concave (spoon-shaped) 
toward the dow111thrown side. 

is believed to be convex toward the direction of tilt of 
the range, or concave toward the downthrown side of 
the fault (fig. 188.1). 

There is evidence that the master normal faults which 
bound the ranges are also curved in section so ,that they 
dip less steeply with depth. Tilting and rotation of 
blocks is facilitated by a downward flattening of the 
fault surface (De Sitter, 1956, p. 155), and perhaps for 
this reason the main normal faults are shown in recent 
papers (Mackin, 1960, p. 112; and Osmond, ·1960) to 
flatten with depth. Davis (1925) calls on a mathemati
cal analysis e:Lnd experiments to show that normal faults 
should flatten with depth. Longwell ( 1945) finds that 
many normal faults in southern Nevada flatten down
wards. 

The fact that many normal faults in the Basin and 
Range province are concave in plan toward the down
thrown side, together with the evidence that many are 
concave in section upwards, indicates that many of the 
fault surfaces are probably doubly concave toward the 
downthrown side. This double concavity suggests that 
the fault surfaces are spoon-shaped in much the same 
way that the faults that bound many landslides are 
spoon-shaped surfaces (Eckel, 1958, p. 24). 
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189. VOLCANISM IN EASTERN CALIFORNIA-A PROPOSED ERUPTION MECHANISM 

By L. C. PAIUSER, Denver, Colo. 

Geologic and geophysical evidence suggests that the 
volcanic rocks along the eastern front of the Sierra 
Nevada were erupted from regions of relative tension 

or stress relief in offsets of a major left-lateral en
echelon shear zone (fig. 189.1). This hypothesis was 
recently put forward for the volcanic activity in Owens 
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EXPLANATION 
V//ZZ///1 

Volcanic rocks of Cenozoic age 

Pre-Tertiary rocks 

--,. 

Known or inferred major fault, 
showing direction of strike 
slip if known 

-~-

Walker Lane showing assumed 
direction of strike slip 

< S32•E 1 

Assumed direction of motion 
of Sierra Nevada. 

FIGURE 189.1-Tectonic pattern of eastern California and western Nevada. 
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Valley, which seems to have taken place near the ends 
of left-lnteral faults where tension would be expected 
(Pakiser, 1960). It seems a reasonable explanation 
also for the Mono Basin and Long Valley subsidence 
structures. These have been identified as volcano
tectonic depressions (Pakiser, Press, and l(ane, 1960) 
and they lie in a large offset in the eastern front of the 
Sierra. Nevada. If the Sierra Nevada moved south 
with respect to the Great Basin, the crust in this offset 
would have been under tension; as a zone of weakness, 
the area might therefore have been susceptible to vol
ca.nic eruption. 

Similar offsets of the eastern front of the Sierra 
Nev11dn. a.re found farther north (fig. 189.1). One of 
these offsets, east of Blairsden, contains Sierra Valley. 
Gravit.y data a.nd outcropping volcanic rocks suggest 
that this valley may be a volcano-tectonic depression 
similar to Mono Basin and Long Valley. Cordell Dur
re11 (1950 and written communication) mapped a fault 
west of Blairsden (fig. 189.1). with 31j2 miles of left
lateral strike-slip displacement. This fault is nearly 
parallel to Owens Valley and the strike-slip displace
ment is several times the dip-slip displacement. 

In the Sierra Valley area, the Sierra Nevada block 
moved south with respect to the area to the east. The 
concept that the Sierra Nevada block moved southward 
along left-lateral strike-slip faults is also supported by 
the thrusting on the "Thite 'Volf fault and by 
Scheidegger's ( 1959) determination that the direction 

of tectonic motion for the aftershocks of the Arvin
Tehachapi earthquake of 1952 was N. 32° W. (fig. 
189.1). Southward movement of the Sierra block is 
compatible with the right-lateral strike slip along the 
San Andreas fault and the Walker Lane (Longwell, 
1950). 

These facts and inferences suggest that the eastern 
front of the Sierra Nevada is an en-echelon shear zone 
along which left-lateral strike-slip movements (and in 
most places larger vertical movements) took place (fig. 
189.2). Discontinuities or overlapping offsets in this 
shear zone would be regions of relative tension or stress 
relief in which volcanic eruptions would be facilitated 
by reduction of the confining pressure on magma cham
bers (fig. 189.3). 

Gravity lows with residual relief of about -50 mgals 
were found in Mono Basin and Long Valley (Pakiser, 
Press, and Kane, 1960). These gravity lows represent 
low-density volcanic debris and sediments that fill the 
subsidence structures. In more general terms, the 
gravity lows express the mass deficiency that results 
when intermediate to silicic magma is erupted from a 
bounded magma chamber within the earth's sialic crust 
and is spread as lower density volcanic debris over an 
area large compared to that of the magma chamber. 

l!.,xoum~ 1.89.3.-Interpreta:tion of strike-slip fault system of FIGURE 1.89.2.-Region of stress relief in an en-echelon shear 
eastern California and western Nevada. zone. 
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FIGURE 189.4.-Gl'!avity in and around Lassen Volcanic National Park, Calif. 

Field work in and around Lassen Volcanic National 
Park in 1958 and 1959 revealed a large gravity low 
(fig. 189.4) associated with the volcanic rocks there. 
The zone of steep gravity gradients directly west of 
Lassen Peak may express a northward continuation 
under volcanic cover into the southern Cascades of the 
en-echelon shear zone along the eastern front of the 
Sierra Nevada (fig. 189.2). If this interpretation is 
correct, the Lassen volcanic field lies in an· offset of this 
shear zone similar to the one containing Mono Basin 
and Long Valley. 
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190. SOME RELATIONS BETWEEN GEOLOGY AND EFFECI'S OF UNDERGROUND NUCLEAR EXPLOSIONS AT 
NEVADA TEST SITE, NYE COUNTY, NEVADA 

By F. A. McluowN and D. D. DicKEY, Denver, Colo. 

Work done in cooperation with the U.S. Atomic Energy Oommi88ion 

The underground nuclear· explosions, code named 
Logan and Blanca, with yields of 5 and 19 kilotons, re
spectively (Johnson and others, 1959, p. 1461), pro
vide data for evaluating geologic control of fracturing 
within t11nnels and at the surface. 

The Logan explosion was detonated October 15, 1958, 
and Blanca was detonated October 30, 1958. Both ex
plosions were detonated in tuff of the Oak Spring 
formation, of Tertiary age, in straight tunnels having 
a minimum depth over the explosion chambers of 830 
and 835 feet, respectively. 

One of the phenomena resulting. from an under
ground explosion that must be considered when eval
uating the effects on rock in tunnels or at the surface is 
the passage of high-velocity stress waves generated 
during the momentu,ry confinement by the rock of an 
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FIGURE 190.1.-Generalized geologic map showing U12e.02, 
U12e.05, and part of U12e tunnels and extent of collapse due 
to the Logan explosion. 

extremely high pressure system of gases and other ex
plosion products. Part of the energy of a contained 
explosion is transmitted in a stress wave as kinetic 
energy. This energy is a function of the particle veloc
ity of the wave. Particle velocity, however, is a fm).c
tion of the amplitude, shape, and propagation velocity 
of the wave. Changes in these variables per unit dis
tance in rocks are determined 'primarily by fractures 
and beds or layers of rocks that differ in composition 
and physical properties. Since the number of fractures 
and the average compositions of beds differ in different 
directions, the attenuation of the energy of a stress 
wave during propagation away from an explosion like
wise depends on the direction of the wave. For the 

\ 
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FIGURE 190.2.-Generalized geologic map showing U12e.02, 
U12e.05, and part of U12e tunnels and extent of collapse due 
to the Blanca explosion. 
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FIGURE 190.3.-Contour diagram of 287 poles of joints and plot 
of 2 faults mapped in U12e.02 and· U12e tunnels from the 
explosion chamber to end of collapsed part of tunnel. Upper
hemisphere plot. 
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FIGURE 190.4.-Contour diagram of 324 poles of joints and plot 
of the poles of 17 fau~ts mapped in Ul2e.05 and U12e tunnels 
from the explosion chamber to end of collapsed part of tun
nel. Upper-hemisphere plot. 

Logan and Blanca explosions these differences can be 
estimated only roughly. 

Since the effectiveness of an explosion in breaking 
rock is approximately proportional to the cube root of 
the yield, the Blanca explosion should, if the t'wo tun
nels had had the same geologic environment, have col
lapsed its tunnel approximately 1.6 times as far from 

. the explosion point as the much weaker Logan ex
plosion. 

19~ 
5~ ~1.6 

In fact, however, the tunnel collapse due to the Logan 
explosion extended for a radial distance of 820 feet 
from the shot point, and that due to the Bl:ftnca ex
plosion for only 860 feet-a ratio of 1.05 (figs. 190.1 
and 190.2). This disproportionate extent of da.mage 
could be due in part to the difference in the proper
ties of the rocks traversed by the stress waves from the 
Logan explosion. This conjecture can be checked by 
comparing the properties of the rocks affected by the 
two explosions. 

The parts of U12e and U12e.05 tunnels (fig. 190.1) 
most heavily da.maged by the Logan explosion are in 
or near subunit A of Tos3 • (See fig. 190.2). The tuff 
in this subunit is harder than the other beds of tuff ex
posed in the tunnels. It contains three to five times 
as many phenocrysts, fewer vesicles, and less zeolite 
and clay minerals than the overlying tuff; and it has 
a density of 2.11±0.06 g per cc, a grain density of 
2.6+0.016 g per cc, and a porosity of 30.6+3.2 percent, 
as compared to a vera.ges of 1.95 g per cc, 2.38 g per cc, 
and 32.9 percent, respectively, for adjacent units (F.M. 
Byers, Jr., written communication). It may be in
ferred from these data that stress waves have a higher 
acoustic velocity, and a lower rate of attenuation, in 
subunit A than in adjacent rocks. The kinetic energy 
of stress waves, at points equally distant from their 
source, would therefore be greater in subunit A than in 
adjacent rocks. The very close relation between amount 
of tunnel damage and character of rock in U12e.05 
tunnel (fig. 190.1) seems to support this inference. 

The attitudes and relative abundance of fractures in 
the tuffs may cause directional variations in attenua
tion of stress waves. Fractures produced by the Logan 
explosion, which was detonated before the Blanca ex
plosion, are known to be relatively few in the rock sev
eral hundred feet from the explosion chambers and 
exposed by postexplosion tunneling. Attenuation due 
to these fractures is therefore probably local and rela
tively insignificant compared with natural fractures. 
Fig~res 190.3 shows that the direction of propagation 
of waves from the Logan explosion point to the col
lapsed tunnel is ~early parallel to one set of joints and 
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FIGURE 190.5.-Map showing extent of fracturing due .to Logan explosion. 

two faults, and perpendicular to another set of joints. 
The direction of propagation of waves from. the Blanca 
explosion point to tunnel collapse, on the other hand, 
intersects two sets of fractures and 17 faults at about 
45° (fig. 190.4). 

The limits of fractured rock at the surface above the 
explosion sites are lobate (figs. 190.5 and 190.6), and 
the u1inements of lobes about 180° apart coincide ap
proximately with directions of sets of fractures~ 

Both the underground and the surface data show 
that explosion-produced fracturing extends farthest in 
the directions of sets of fractures. A corollary is that 
at equal distances from an explosion, the greatest frac-

turing may be expected to occur along radii parallel to 
a set of fractures. 

In summary, the extent and intensity of fracturing in 
different directions, and consequently tunnel damage, 
may to a significant degree depend upon (a) the rela
tions of beds of different chemical and physical prop
erties to the direction of propagation of stress waves 
and (b) the angles between the direction of propaga
tion and sets of fractures in the rock. 
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191. STRUCTURAL EFFECTS OF RAINIER, LOGAN, AND BLANCA UNDERGROUND NUCLEAR _EXPLOSIONS, 
NEVADA TEST SITE, NYE COUNTY, NEVADA 

By V. R. WILMARTH and F. A. McKEowN, Denver, Colo. 

Work done in cooperation with the U.S. Atomic Energy' Commission 

The Rainier, Logan, and Blanca contained nuclear 
explosions, with energy yields of 1.7, 5, and 19 kilotons 
(Johnson and others, 1959, p. 1461), were detonated at 
minimum distances below the nearest ground surface of 
820, 830, and 835 feet respectively. The explosion 

chambers were at the ends of tunnels 2,000 to 3,000 feet 
long, driven from the steep east slope of Rainier Mesa 
in massive to well-bedded friable to compact tuffs of the 
Oak Spring· formation (Tertiary). Rainier Mesa is 
capped with about 270 feet of cliff-forming welded tuff 

·t 
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of this formation, broken by many northeast- to north
west-trending fractures. 

On the surface, the most obvious result of the explo
sions was to produce rockslides and rockfalls from the 
welded tuff. These extend discontinuously for 3,200 to 
3,500 feet north and south of the ground zeros (Glass
tone, 1957, p. 549), though the slides are notably more 
abundant and larger within 1,500 feet than at greater 
distances. 

200 400 FEET 

Nearly all the fractures produced by the Rainier, 
Logan, and Blanca explosions that have been mapped 
on the surface (figs. 191.1-191.3) are within the 1,000-, 
2,600-, and 3,300-foot isodistan lines 1 respectively. 
These· fractures are most numerous in the welded tuff 
and in the bedded compact tuffs east of the epicenters
the points on the surface nearest the shot chambers. 
The mesa area around the epicenters is immediately 
underlain by friable tuffs in which fractures are less nu-CONTOUR INTERVAL 100 FEET 

FIGURE 191.1.-Geologic map showing fractures caused by 1 Lines on surface connecting points equidistant !'rom the explosion 
Rainier explosion, Nevada Test Site, Nye County, Nev. chamber. 
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FIGunE 101.4.-Graph showing relation of yield of explosion 
to distance of fractures from explosion in tuff of Oak Spring 
formation. 

merous than in the welded tuff and are poorly devel
oped. Many of the postexplosion fractures coincide 
with or parallel the tectonic fractures, which are par
ticularly numerous in the welded tuff. Most of the ex· 
plosion-produced fractures (figs. 191.2 and 191.3) dip 
steeply; they range from 15 to 600 feet in length, and 
some are open as much as 3 feet in width. Some of 
the Blanca-produced fractures are open to depths of at 
least 40 feet below the surface, which is about as far 
down as one can see. 

The nuclear explosions produced both overthrusts and 
normnl faults. Gently dipping thrust faults are along 
or near bedding planes and are traceable along strike 
for n mnximum of 2,200 feet (figs. 191.2 and 191.3). 
The hanging walls of the thrust faults have moved up
ward and away from the explosion chamber, in some 
places as much as 5 feet. Most of the thrust faults crop 
out more than 1,800 feet from the chamber (figs. 191.2 
and 191.3), in areas where the bedding planes are nearly 
parallel to radii from the shot chamber. In contrast 
the steeply dipping normal faults trend predomi
nantly north west to northeast, parallel to tectonic frac- · 

Note: Lithologic units V to Z are 
part of Oak Spring formation, 
Tertiary .age. Original position 
of the units are shown within the 
explosion breccia 

A 

Center line of 100-ft level 

Preexplosion geology by A. B. Gibbons 
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and H. Barnes, 1958-60 
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FIGURE 191.5.-Geologic map of Rainier tunnel showing effects 
of Rainier explosion. 

tures, and generally have strike lengths of less than 500 
feet ; the displacements on most of them range from 6 
inches to 5 feet. 

The maximum radial distance from the explosion 
chambers of fractures in tuffs of the Oa.k Spring forma
tion scales empirically as the 0.4 power of the yield in 
tons of the explosion. This figure applies to both nu
clear and high-explosive tests (fig. 191.4). \ 

The largest structure formed at the surface by the 
Blanca test is a northwest-trending graben southwest 
of the epicenter (fig. 191.3) . Vertical displacements 
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FIGURE 191.6.-Section A-A' through zone affected by Rainier FIGURE 191.7.-Section B-B' through zone affected by Rainier 
explosion. explosion. 

on the bounding faults are as much as 65 feet, but the 
movement here was not of the same sort as that on the 
small normal faults. The graben resulted primarily 
from collapse of a cavity, produced by explosion, 
though its large size is due in . part to the extensive 
fracturing of the tuffs by the earlier Logan explosion. 

In the tunnels, the amount of rock spalled from the 
walls increased from the portal inward to points where 
the tunnels were completely collapsed. This point is at 
a radial distance of 205 feet from the chamber, for the 
Rainier test, and at' 820 and 870 feet, for. the Logan 
and Blanca tests, respectively. 

Portalward from the collapsed areas, the explosions 
formed new faults and joints, deformed the tunnels by 
movement of the tuffs along· shear planes parallel to and 
dipping steeply away from the tunnel, and opened and 
extended pre-existing fractures. 

The newly formed joints are most numerous in the 
competent tuff and are coincident with or parallel to 
preexplosion fractures. The most prominent new faults 
are bedding-plane thrust faults that dip 3° to 10° to-

. ward the <thambers and have displaced the beds hori
zontally as much as 4 feet. Thrusting occurred most 
commonly where a layer of wet soft clay separates 
competent tuff beds. 

The amount of radial displacement of the tuffs by 
the Rainier test increases abruptly within 400 feet of 
the chamber. The tuff beds 60 feet radially from the 
explosion were· moved horizontally as much as 38 feet 
(fig. 191.5). Radial displacement of surveyed stations 

in the Rainier tunnel was 2.5 feet at 200 feet from the 
chamber, 1.0 foot at 400 feet, and less than 6 inches at 
1,100 feet. In the Blanca test, the radial displacement 
of surveyed stations in the tunnel.1,100 feet from the 
chamber following was about ten times as great as in 
the Rainier test. 

The tuff adjacent to the explosion chambers was brec
ciated and extensively fractured. The breccia zone 
around the Rainier chamber is, at the level of the ex
plosion, roughly circular in plan and 190 feet in maxi
mum diameter (fig. 191.5). In vertical sections through 
the chamber, the breccia zone is elliptical (figs. 191.6 
and 191.7). This zone extends for about 80 feet below 
the chamber. According to Johnson and others (1959, 
p. 1465) it extends about 386 feet above the chamber. 
The estimated volume of the breccia zone is about 
245,000 cubic yards. Where exposed in the Rainier tun
nel, the breccia zone is separated by shear and fracture 
zones 2 to 6 feet wide from highly fractured tuff, which 
below the chamber extends as much as 70 feet outward 
from the breccia zone . 

The breccia zone produced by the Logan explosion 
(fig. 191.8) is a nearly vertical prolate spheroid having 
an estimated volume of 190,000 cubic yards. The brec
cia zone produced by the Blanca explosion has not been 
so fully studied, but it appears to be similar in shape, 
size, and orientation to that produced by the Logan 
explosion. 

The volume of a breccia zone produced by a nuclear 
explosion in tuff depends p~rtly on the properties o:f 

•t 
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FIGURE 191.8.-Geologic map a.nd sections of part of U12e tunnel complex, showing exploratory drill holes a.nd some effects 
of the Logan and Blanca. explosions. 

the rock. The tuffs surrounding the Rainier explosion 
n.re friable, whereas those around the Logan are tough 
n.nd compact, and as a result the volume of breccia 
formed per kiloton of yield is 3.4 times as large for the 
Rainier as for the Logan explosion. 
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192. BRECCIATION AND MIXING OF ROCK BY STRONG SHOCK 

By EuGENE M. SHOEMAKER, Menlo Park, Calif. 

Work done in cooperation with the U.S . .Atomic Energy Commission 

Investigation of the fragmentation and displacement 
of earth materials engulfed by strong shock reveals that 
complex movement of these materials behind the shock 
front extends out to a fairly sharply defined .limit. 

Within this limit is a domain in which fragments that 
were originally at widely different distances from the 
origin of the shock are mixed ; beyond this limit the 
rocks are fractured, but the fragments, though dis-
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placed outward, are not mixed. The mixed debris 
formed in small-scale explosions is commonly unconsoli
dated, and in some cases it is expelled from the region 
of strong shock. The mixed debris, where preserved, 
and its contact with unmixed material are most easily 
observed in craters. 

NUCLEAR EXPLOSIONS IN ALLUVIUM 

At the . Nevada Test Site, two nuclear explosions 
(Jangle U and Teapot ESS experiments), of 1.2+0.5 
kiloton (TNT equivalent) yield (Johnson, 1959, p. 10) 
have been detOnated by the U.S. Atomic Energy Com
mission at shallow depth in alluvium. The particles of 
which the alluvium is composed are about 50 percent 
felsic tuff and about 50 percent quartzite. The floors 
and lower walls of the two craters formed by these ex
plosions are underlain by a compact breccia consisting 
of slightly to strongly compressed and sheared blocks of 
alluvium, set in a matrix of smaller blocks and alluvial 
detritus. The original' bedding of the alluvium is 
partially preserved in the breccia, but in some places 
individual blocks derived from one stratigraphic hori
zon have been introduced into parts of the breccia com
posed mainly of blocks from another horizon. Glass, 
formed by fusion of alluvium resulting from shock, is 
dispersed through the matrix of the breccia in the form· 
of droplike, spindle-shaped, and irregular lapilli. Bed
ding in the breccia is overturned and is locally in fault 
contact with less disturbed beds along the walls. The 
base of the breccia in the Teapot ESS crater is 61 feet 
below the center of the detonated nuclear device, but its 
depth in the Jangle U crater is not known. A thin 
patchy layer of material formed by fa.lling back of 
ejected debris overlies the breccia in both craters. 

METEOR CRATE~, ARIZONA 

The structure of the Teapot ESS crater (Shoemaker, 
1960) is closely similar to that of Meteor Crater, in 
Arizona. Rocks intersected by Meteor Crater include, 
in descending order, about 50 feet of sandstone and 
shale, 265 to 270 feet of sandy dolomite, and several 
hundred feet of quartzose sandstone. The lower walls 
and floor of the crater are underlain by a lens of breccia 
composed chiefly of shattered, twisted, and compressed 
blocks of sandstone. Glass, composed of sandstone and 
dolomite fused by shock, is dispersed in the breccia; 
the glass derived from dolomite contains minute par
ticles of meteoritic nickel-iron. The base of the breccia 
lies at an average depth of about 1,100 feet from the 
original ground surface. The breccia is overlain by 
about 30 feet of debris formed by falling back of ejected 
fragments. The total energy released by meteorite 
impact, estimated by scaling of horizontal crater 

dimensions from the Teapot ESS crater, was about 1.4 
to 1.7 megatons, and the center of gravity of the energy 

. released is estimated to ha.ve been between 320 and 400 
feet from the surface along the path of meteorite pene
tration (Shoemaker, 1960). 

UNDERGROUND EXPLOSIONS IN BEDDED TUFF 

The effects of three underground explosions in 
pumiceous bedded tuff at the Nevada Test Site have 
been described in detail by various workers, and I have 
studied them independently. These explosions were: 
(a) the Rainier experiment, in which a nuclear device 
of 1.7 ± 0.5 kiloton yield was detonated (Johnson, 1959, 
p. 10) ; (b) explosion of 50 tons of dynamite ( 60 per
cent nitroglycerin gelatin) ; and (c) explosion of 10 
tons of dynamite (60 percent nitroglycerin gelatin). 

The Rainier experiment produced a breccia of mixed 
fragments containing. dispersed glass in various forms~ 
that closely resembles the mixed breccia in the Jangle 
U and Teapot ·ESS craters. Where the breccia was 
intersected in an exploratory drift, the distance from 
the nearest wall of the original explosion chamber to 
the limit of the domain of mixing ranges from 62 to 72 
feet (measured from Diment and others, 1959, fig. 
4.4). 

In the 50-ton dynamite shot a mixed breccia was 
formed, whose edge is about 23 feet from the nearest 
wall of the explosion chamber where intersected by an 
exploratory drift (measured from map transmitted by 
J. M. Cattermole, 1958). 

In the 10-ton dynamite shot, rock compressed and 
disaggregated by shock was expelled from the vicinity 
of the shot chamber by venting the explosion gases. 
Rocks in the walls of the cavity thus formed are not 
mixed. The fragments in the expelled debris are very 
similar in size, frequency distribution, and degree of 
shearing to those in the mbred breccia of the nuclear 
explosion craters. Except on the side of the original 
entryway, the horizontal distance from the walls of the 
original explosion chamber to the walls of the resultant 
cavity ranges from 10 to 15 feet! and averages about 12 
feet (measured from map transmitted by J. M. Catter
mole, 1958). 

EXPLOSIONS IN SANDSTONE 

Vertical drill holes 1.8 inches in diameter in sand
stone in Unaweep Canyon, Colorado, sprung with 
charges of dynamite, have been transformed into 
elongate cavities 8 to 9 inches in diameter surrounded 
by an aureole of fractured rock. The horizontal dis
tance from the walls of the original drill holes to the 
walls of the cavities produced by the dynamite explo
sions ranges from about 0.2 to 0.3 feet. Most of the 

I ., 
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FIGURE 192.1.-DiSlt.ance from origin of shock to limit of domain of mixing as a function of total energy released. 

rock crushed and disaggregated by shock has been ex
pelled from the holes. A right circular cylinder of 
dynamite having the diameter of the drill holes and a 
height equal to its diameter would weigh about 110 
grams. 

SCALING LAW FOR DOMAIN OF MIXING 

The mixed breccia underlying the nuclear explosion 
craters and Meteor Crater, Arizona, is here interpreted 
as strictly homologous with the mixed breccia produced 
by the contained nuclear and dynamite explosions, with 
the debris expelled from the sprung drill holes and the 
cavity produced by the 10-ton dynamite shot. The 
mixing appears to have occurred in the shock wave 
(compare with Johnson and others, 1958, and Kennedy 
and Higgins, 1958). The limit of the domain of mix
ing initially extends in all directions to roughly equal 
distances from the origin. of the shock or from the walls 
of the shot chamber. This distance obeys a simple 
scaling law with respect to the total energy released 
(fig. 192.1), which appears to be virtually independent 
of the character of the material affected and of the 
mechanism by which the shock is generated. 

In the explosions that form craters, the mixed breccia 
is probably at first in the form of a roughly spherical 
shell, but the upper part of the shell is ejected and the 
lower part is sheared out laterally into the form of a 
deep concavo-convex lens. Only the vertical distance 
from the origin of the shock to the base of the lens, 
therefore, is directly comparable with the dimensions 
of shells formed in contained explosions. In figure 
192.1 an uncertainty of 5 feet has been arbitrarily as
signed to this distance for the Teapot ESS crater and to 

15.57758 0-60---28 

the lateral dimensions of the shell for the 50-ton dyna
mite shot. Twenty percent uncertainty has been arbi
trarily assigned to the total energy released in the 
dynamite shots. For the sprung drill holes the effect 
on scaling of differences between conical and spherical 
divergence of the shock has been neglected. 

The fol'lowing equation gives the relation between the 
limit of the domain of mixing and the energy released : 

R feet 
W tt3=K=5.7 t 1/3' ons 

where R is the distance in feet from the explosion 
chamber or origin of shock to the limit of the domain 
of mixing, and W is the total energy released in tons 
TNT equivalent. 
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193. PALEOMAGNETISM, POLAR WANDERING, AND CONTINENTAL DRIFT 

By RICHARD R. DoELL and ALLAN V. Cox, Menlo Park, Calif. 

Most recently workers in the field of paleomagnetism 
have concluded that paleomagnetic evidence indicates 
movements of the earth's axis of rotation as well as 
large-scale relative displacements of continents. India 
and Australia, for example, are thought to have been 
displaced 5,000 and 1,000 kilometers, respectively, with 
respect to Europe and North America since Eocene 
time. 

In an attempt to evaluate these interpretations criti
cally, the available paleomagnetic data have been re
viewed with special attention to evidence for stability 
and paleomagnetic applicability of the observed rem
anent magnetizations; moreover, because of the impor
tance of statistics in these interpretations, statistical 
analyses have been made of original data when these 
were available and when the original workers did not 
use the standard methods. 

We have concluded, from the paleomagnetic data now 
available, that the earth's magnetic field had vastly dif
ferent characteristics during the following periods: 
post-early Pleistocene, Oligocene to early Pleistocene, 
Mesozoic to early Tertiary, late Paleozoic, early Paleo
zoic, and Precambrian. If paleomagnetic results are 
to be used as evidence supporting or refuting conti
nental drift, it is first essential to determine the con
figuration of the earth's magnetic field during the time 
when contemporaneous rocks from different continents 
were magnetized. For only a few of the above tem
poral subdivisions has the configuration of the geomag
netic field been established with sufficient certainty to 
justify application to the problem of continental drift. 

Rocks of late Pleistocene to Recent age have yielded, 
in scores of studies, directions of magnetization consist
ent with positions of the geomagnetic pole that fre
quently differ significantly from that of the present 
geomagnetic pole, hut rarely differ from that of the 
present geographic pole. These data offer strong evi
dence in favor of the dynamo theory which relates the 
earth's main magnetic field to the axis of rotation and 
they indicate that the present inclined dipole field must 
be regarded as only a transient feature. Moreover, the 
directions of magnetization in these rocks are all of the 
same polarity as the present field, indicating a total 
absence of processes causing self-reversal of the rema
nent magnetization. 

Measurements on rocks of Oligocene to early Pleisto
cene age differ from those on late Pleistocene rocks in 

that about, half of the measured directions are nearly 
180 degrees from the present field directions. The 
earth's magnetic field may have undergone at le~\,st a 
dozen complete reversals during this interval, the last 
occurring in the early Pleistocene. The geomagnetic 
poles calculated from measurements on Oligocene to 
early Pleistocene rocks on all continents are grouped 
around the present geographic poles, with somewhat 
more scatter than those calculated for late Pleistocene 
rocks. On the basis of the dynamo theory, polar wan
dering since the beginning of the Oligocene greater 
than about 10 degrees (the average confidence interval 
of most of these measurements) is excluded. These re
sults similarly exclude continental displacements 
greater than about 10 degrees since the beginning of the 
Oligocene. 

Measurements made on rocks of Precambr·ian age 
are in striking contrast with those on rocks of Oli
gocene age and younger. Of the more than 40 studies 
reported, not one of the virtual geomagnetic poles (the 
pole for a dipole field that would give the measured 
directions of magnetization) lies near the present geo
graphic pole, and an impressive grouping of poles lies 
near the equator and slightly east of the 180th meridi
an. Measurements from different continents do not ap
pear to differ significantly, which limits the amount of 
continental drift since Precambrian time. The North 
America,n measurements, however, which far outnum
ber all the others, d0 include some widely scattered 
average pole positions. 

Virtual geomagnetic. poles calculated from measure
ments on rocks of early Paleozoic age are much more 
scattered than the Precambian poles, altogether the 
latter span a much greater time interval. Continental 
drift interpretations based on these early Paleozoic 
data are extremely ha.zardous. 

Of the pre-Tertiary rocks, those of Permian and 
Carboniferous age yield the most interesting and con
sistent virtual geomagnetic poles. All but a few of 
the poles lie between 30 and 40 degrees. of latitude; all 
of the more than 40 poles calculated from measure
ments made on North American and European rocks 
lie between 90 and 180 degrees east longitude, whereas 
the 4 from Australia lie just west of Greenwich. 
Most of the North American Permian poles are west 
of the European Permian poles; the Carboniferous 
poles, however, from both continents are grouped to-
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gether. On the assumption that the e~trth's field was 
dipolar, these measure.ments on late Paleozoic rocks 
have been interpreted in terms of large drift of Aus
trn.lia relative to the northern hemisphere continents 
since the Paleozoic, and a sm~tller westward drift of 
North America relative to Europe. Although this lat
ter interpretation is suggested by the Permian poles, a 
simple westward drift of North America does not ex
plain both the Permian a.nd Carboniferous data. An 
inte.rpretation based on continental drift would require 
rather improbable relative movements between North 
America and Europe, and more data from Permian and 
Carboniferous rocks are highly desirable. 

Another interesting feature of the Permian data is 
that, with one poorly documented exception, all of the 
virtual geomagnetic poles have the same polarity; re
versa.ls are en~irely absent. Since reversa.ts are abun
dant in rocks of younger and older ages, the Permian 
field appears to be unique in having had a constant 
polarity over millions of years. To explain this fact 
on the self-reversal hypothesis requires that the special 

mechanisms and compositions necessary for self-re
versal were entirely absent from ·Permian rocks but 
abundant in rocks of all other ages, which is rather un
likely. 

Although over 50 measurements on rocks of Mesozoic 
and early Tertiary age have now been reported, no 
magnetic field configuration has emerged that is com
parable in consistency and simplicity with that found in 
the late Paleozoic and late Tertiary rocks. Some of 
the virtual geomagnetic poles calculated from these 
measurements lie near the present geographic poles, 
but a significantly large number lie in very low lati
tudes. Although these rather divergent poles have 
recently been cited in support o:f large relative displace
ments of most of the continents, the character of the 
earth's magnetic field during this time has not, in our 
opinion, been sufficiently well delineated to justify in
terpretation of the paleomagnetic data as evidence either 
for or against continental displacement during this 
time. 

194. PREPARATION OF AN ACCURATE EQUAL-AREA PROJECTION 

By RrCI-IARD R. DoELL and RoBERT E. ALTENHOFEN, Topographic Division, Menlo Park, Calif. 

Mrmy of the problems that arise in measuring rema
nent magnetism and in interpreting paleomagnetic 
data are essentia1ly problems in spherical trigonometry 
or three-dimensional ge_ometry. Nor is paleomagnetism 
unique in posing such problems; others arise in struc
tural geology (Phillips, 1954) and structural petrology 
(Fairbairn, 1949), and even in the prediction of satel
lite 01·bits ('Vallace, 1959). 'Vhen many such problems 
arise in a given study, especially if not great accuracy 
is required, it is desirable to replace the tedious analvt
ical methods of solution by graphical aids. By far 
the most useful of these aids are those which, by one 
means or another, project an orderly array of points 
from a hemisphere to a plane. The most common are 
the ste'l·eogra7Jhic projection .(often called a "'Vulff 
net") and the La1nbe1·t equal-area projection (also 
known as a "Schmidt net"). 

The principal advantage of the stereographic projec
tion is that it is direction-true-circles on the sphere 
project as circles on the projection, and angles between 
lines on the sphere are preserved on the projection. Its 
mai'n disadvantage is that it is not area-true. The 

equal-area pi·ojection distorts directions and shapes, 
but, as its name implies, it gives the same areal rela
tions on the projection that were on the sphere. A 
further slight advantage of the equal-area projection 
is that the accuracy with which points may be plotted 
on it is nearly uniform over the entire projection, 
whereas on the stereographic projection the accuracy 
of plotting varies by a factor of two. 

There is little choice between the two projections 
when used for solving problems in spherical trigo
nometry or three-dimensional geometry; any problem 
that can be solved on one projection' can also be solved 
on the other by exactly the same procedures. Which 
one is the more desirable depends on the particular 
problem at hand and the type of presentation desired. 
Phillips (1954) and Fairbairn (1949, p. 275-296) de
scribe various methods of employing-these projections 
in structural geology and structural petrology and give 
other references on the use of these projections for 
general and specialized studies. 

The equal-area projection is generally preferable in 
studies of remanent magnetism and in paleomagnetic 
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FIGURE 194.1.-Relations in the construction of a Lambert equal-area projection. 

research, when it is usually necessary to present and 
compare groupings of directions. The significance of 
a separation between groups of directions is more easily 
determined on the equal-area projection than on the 
stereographic projection. Graphical methods of solv
ing 'many of the problems that arise in research on 
remanent magnetism have been given by Graham 
(1949). 

A Lambert equal-area projection may be constructed 
by rotating each point of intersection of the parallels 
and meridians on the hemisphere into a projection 
plane (a plane tangent to the hemisphere), about the 
point of tangency, in a plane normal to the projection 
plane. If the projection plane is tangent to the hemi
sphere at its pole, the projection is a polar equal-area 
projection, useful only for presentation of data and 
not for the solution of problems; and if the point of 
tangency lies on the equator the projection is called a 
meridional equal-area projection. 

The construction of a meridional projection is de
picted in figure 194.1, where xy is the projection plane, 
T the point of tangency, and Q the intersection of the 
parallel (j> and the meridian A. Q is to be rotated to Q' 

in the plane xy; TQ is used as a radius, and the rotation 
takes place in the plane TOQ. TQ is also the distance 
from the center of the projection (T) to the projected 
point Q', and we wish to find the coordinates x, y. 

From the law of cosines of spherical trigonometry in 
APTQ, 

. --. --. --. --. --. 
(1) cos TQ=cosPQ cosPT+sinPQsinPTcos LQPT, 

where --.is used to designate a side of the triangle and L --. --. 
is used to designate an angle. Since PT= 7r/2, sin PQ= 
cos (j>, and LQPT=A, equation (1) becomes 

(2) cos TQ=cos (j> cos A. 

Letting TQ=a, we find the length of the line TQ to be 
(3) TQ 2a sin a/2, 

where a is the radius of the sphere. From the law of 
sines of spherical trigonometry in ATQR, 

(4) sin LRTQ/sin (j>=sin LTRQ/sin a. 
Since LRTQ=O and LTRQ=1r/2, equation (4) be- · 

comes 
(5) sin 8=sin (j>/sin a. 

We may then get the desired coordinates fr01n 
(6) x= TQ sin 8 

y=TQ cos 8. 

... 
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Since each quadrant of the projection is a mirror 
image of the adjacent quadrants, only the points in one 
quadrant of the hemisphere need be computed, but.even 
so there n.re 8011 intersections of the integral-degree 
. parallels and meridians in a single quadrant. For this 
reason the con1putations for the projection described 
here were made by 'VaJter Anderson with the Geologi
cal Survey's Datatron, which computed the 8011 coordi
nate pairs in 31h hours. 

The points for one quadrant were then plotted on a 
stable transparent mylar sheet by a rectilinear coordi
m~te plottei·. Finally; four· qua<:lrants were fitted to
gether by precise photographic methods to furnish a 
master negative for the entire projection. Positive 
copies on sbtble .film may now be obtained by standard 
photographic means. 

For ease of use, a short segment of the meridian is 
drawn through every other point on the 10° longitude 
lines, and every fifth longitude and latitude intersection 
(except those north and south of 75°) is marked by a 
small cross. 

Near the center of the 15-inch standard-size projec
tion the integral degree points are 0.093 inch apart, and 
near the edges, 0.068 inch-averaging about d.08 inch. 
Because positions on the projection may be ~timated 
to about one-tenth degree, or 0.008 inch on the average, 
the points were plotted to an accuracy of 0.001 inch. 
No distortions, misalignments, or compysing ~rrors 
greater than a few thousandths of an inch have been 
detected, so that calculations to an accuracy of one-tenth 
degree may be made with confidence. 
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195. CRYSTAL HABIT OF FRONDELITE, SAPUCAIA PEGMATITE MINE, MINAS GERAIS, BRAZIL 

By MARIE LouiSE LINDBERG, Washington, D.C. 

Frondelite, Mn"Fe/"(P0.1 )3(0Hh, was described 
some years ago as a new mineral from the Sapucaia peg
matite mine, Minas Gerais, Brazil (Lindberg, 1949). 
The specimens on which the description was based con
sisted of brown botryoidal masses with a radiating fi
brous structure. Frondelite forms an isomorphous 
series with rockbridgeite, Fe" Fe/" ( P04 ) 3 ( OH) 5 • Bot
ryoidal masses of minerals in this series are of wide
spread occurrence, but no single crystals of any of them· 
have yet been described. 

~1in.ute, doubly terminated, stubby crystals of £ronde
lite (.fig. 195.1) with high luster have been found, to
gether with crystals of avelinoite, ( =cyrilovite) (Lind
berg, 1957a), metastrengite, and leucophosphite (Lind
berg, 1957b). These form loose aggregates of sugary 
grains in a vuggy zone in the larger botryoidal masses 
of frondelite. The crystals are up to 0.2 mm in length. 
The crystal forms include {100}, · {010}, {110}, and 
{101} (table 195.1). 

TABLE 195.1.-Morphological data for frondelite 

Crystal class: 222 Space group B22,2 

Calculated data 

a: b: c=0.8166: 1:0.3063 
q,: r,: p, =0.8166: 2.666.1 

Forms "' p=C 

-----------

010 0°00' 90°00' 
100 90°00' 90°00' 
110 50°46' 90°00' 
101 90°00' 20°34' 

<Pl 

90°00' 
--------

90°00' 
0°00' 

Po: qo: ro=0.3751: 0.3063: 1 
r2: P2: q2=3.265: 1.225: 1 

pl=A <P2 p2=B 
---

90°00' -------- 0°00' 
0°00' 0°0()' 90°00' 

39°14' 0°00' 50°46' 
69°26' 69°26' 90°00' 

Frondelite is orthorhombic; its space group is B2212; 
a=13.89, b=17.01, c=5.21 A (Lindberg, 1949). 
Similarities in the powder pattern to that of manganoa.n 
lipscombite, (~in",Fe") Fe'" 2(P04) 2 (OH) 2, (Lind-
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FIGURE 195.1.-Crystal habit of frondelite. 
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berg and Pecora, 1958) suggest that the crystal struc
ture may be derived from that of l~pscombite (Katz and 
Lipscomb, 1951) by systematic omission in the filling of 
octahedral and tetrahedral spaces, in a manner similar 
to that by which the crystal structure of the lazulite
scorzalite-barbosalite series can be derived from that of 
lipscombite (Lindberg and Christ, 1959). Intensity 
data for the determination of the crystal structure are 
being collected from the frondelite crystals. 
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196. SOME CHARACTERISTICS OF .GLAUCONITE FROM THE COASTAL PLAIN FORMATIONS OF NEW JERSEY 

By JAMES P. OWENS and JAMES P. MINARD, Washington, D.C. 

Glauconite concentrates were collected from most of 
the formations of the New Jersey coastal plain near 
Trenton, N.J. A sample was collected from each of 9 
formations of Late Cretaceous to early Tertiary age, 
and 2 samples were taken from the Cape May forma
tion of Quaternary age. The 11 samples were sub
jected to a variety of tests to determine whether chemi
cal or physical properties provide criteria for distin
guishing between primary and reworked glauconite. A 
method for differentiating the two types is proposed, 
based chiefly on grain morphology and chemical char
acteristics. In addition, it is proposed that the re
worked glauconite can be further subdivided into two 
types: the marine detrital and the fluvial detrital. 

All the samples were concentrated by magnetic sep
aration, and ·final purification was made by a heavy 
liquid separation. 

BINOCULAR EXAMINATION 

The dominant grain morphology for each concen
trate was determined microscopically. The major types 
were found to be (a) rounded or subrounded grains 
with smooth to grooved surfaces (botryoidal) and (b) 
elongate grains which appear to be stacks of green 
micaceous plates-"accordion" forms of Galliher ( 1935) 
or "tabular" forms of Light ( 1952) . 

All the concentrates consist chiefly of the rounded 
grains, but the presence of the accordion forms in quan
tity in some of· the suites suggests that much of the 
glauconite is primary. High concentrations of ac
cordion forms occur in the Merchantville and 
Marshalltown formations and in the Red Bank sand. 

The rounded types are decidely larger than the other 
types, commonly occurring as coarse sands, whereas the 
accordion forms rarely exceed medium sand size. · 

, ... , 
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CHEMICAL ANALYSES 

The concentrates were chemically analyzed and the 
structural formulas computed for each (table 196.1) . 
The samples containing abundant accordion forms show 
a significant deficiency in the total interlayer ions as 
compared with the reworked sands. 

The glauconite samples from the reworked fluvial 
sands of Quaternary age also show a much higher fer
ric to ferrous ratio than the older primary and re
worked sands of marine origin. 

X-RAY STUDIES 

X-ray diffractometer studies were undertaken to de
termine the homogeneity of the glauconite concen
trates and the degree of ordering in the structure ( fol
lowing Burst's (1958) classification). 

Contamination by other minerals such ·as clay and 
quartz was notably low. Small a.mounts of apatite 
were detected in some samples, however, particularly 
those from the Manasquan and Mount Laurel forma-

TABLE 196.1.-Str1tet1tral form1tlas comp?tted from chemical 
analyses ot glauconite concentrates f1·om formations of the 
coastal plain 

Cape May formation: 

[K .ee1N a.otsHMg.ss3Fe~;88Fe; ~;21Al.249 Ti .o7sllSis.so7Al.4930JO] (OH)2 
Q) 

= 8 ~=.680 ~=2.07 ~=4.00 
.£ 
] Cape May formation: 
P-4 

rK.7oNa.ooo]iMg.saFe~;7Fe/.~~Al.asTi]lSis.e2Al.3sOJO](OH)2 

~=.709 ~=2.02 ~=4.0 

.I [K,,., N a .oos][Mg ,., Fe ~~30Fe ~;;AI,,. Ti ][Si3 •10AI,,. Ow] ( 0 H), 
~ !

Kirkwood formation: 

~=.755 ~=2.046 ~=4.0 

!
Manasquan formation: 

J [K ,,.,N • .. otsCa.toH Mg .4eFe~;6Fe :o~~Al.42 Ti .ooa][Sia .e9Al.3t 010]( 0 H)2 

~=.84 !:=1.968 !:=4.0 

Vincentown formation (basal member): 

Q) 

~ !:=.74 
0 
Q) 

-; Hornerstown sand: 
P-4 

1:=.780 

1:=2.00 

!:=2.031 

1::;::;4.00 

1:=4.00 

TABLE 196.1.-Structural form?tlas computed from chemical 
analyses of glauconite concentrates from formations of the 
coastal plain-Continued 

Red Bank sand: 

!:=.655 1:=2.014 !:=4.00 

Navesink formation: 

lK .e1sN a.oogCa.os][Mg.asFe~;sFe; ~; Al.a• Ti .ooa][Sia.egAl.at 010] (0H)2 

rn 
::l 

!:=.737 

~ Mount Laurel sand: 
<:) 

~ 
+" 

1:=2.04 !:=4.0 

~ [K .mN a .oo•Ca .oa][Mg.atFe~;tFe; ~;.Al.ae Ti .ooe][Si3 .soA1.4t 010] (OH)2 
... 
~ 1:=.761 
p.. !:=2.026 1:=4.0 
~ 

Marshalltown formation: 

!:=.657 !:=2.004 !:=4.0 

Merchantville formation: 

!:=.655 ~=2.028 ~=4.0 
Idealized formula (Hendricks a"ld Ross):. 

(K, Ca~~' Na) .s4(Al.47Fe~:;Fe~;9Mg .• ) (Si3.6sAl.asOJO) (0H)2 
~=.84 ~=2.03 1:=4.00 

tions. Because of this, the P 20 5 determined by chem
ical analysis in all the concentrates was combined with 
an equal amount of CaO before computing the 
formulas. 

Four X-ray classes of glauconite were defined by 
Burst (1958), two of these, the "well-ordered" (1 M 
mica structure) and "disordered" ( 1 Md mica struc
ture), reflected a high degree of homogeneity for this 
mineral. X-ray analyses of all the concentrates showed 
them to be either the "well-ordered" or "disordered" 
types. 

No consistent relationship could be established by this 
method to differentiate between the primary and re
worked types. 

INFRARED ANALYSES 

An attempt was made to characterize the glauconites 
by means of infrared analyses. The results obtained 
from all the specime.ns are fairly similar, as was true 
with the X-ray analyses. A typical pattern has well
developed troughs at the wave lengths 9.4 and 10.2 
microns, and a weak reflection at 12.5 microns. Small 
differences in the magnitude of the troughs are espe-
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cially noted from the glauconite in the Kirkwood. The 
reason for this difference is still not known, but a possi
ble explanation may be in the Fe"' to Fe" ratio. Of all 
the samples, this ratio is lowest in the Kirkwood, about 
3 :1. The ratio in most specimens ranges from 6 : or 
8 :1, but in the fluvially reworked glauconites it is as 
much as 20 :1. 

EXCHANGE CAPACITY STUDIES 

The exchange capacity for glauconite from two of 
the Coastal Plain formations (table 196:2) shows the 
stability of the major interlayer ioa, potassium, in the 
glauconite structure. 

TABLE 196.2.-Ea:ch(trn,ge capacity and ea:changeable cations of 
glauconite concentrates from Seweil, N.J. 

[Analyst, Dorothy Carroll) 

Meq per 100 g 
Sieve Formation size 

Na K Ca 

----
Homerstown _______ +35 0.06 0.03 15.4 
Hornerstown. ------ +60 . 12 .02 15.4 
Navesink ___________ +35 .05 .02 15.8 
Navesink ___________ +60 .03 .02 15.4 
Navesink ___________ +120 .07 .02 18.5 

A=Determined after leaching with NH,Cl. 
B=Colorimetric manganese method. 

Mg Total 
(sum) 

----
9.8 25.3 
7.0 22.4 
4. 9 20.8 
5.6 21.0 
7. 7 26.3 

Total 
K20in 
sample 

(per-
A B cent) 

------
21 22.3 7. 4 
22.0 24.0 --------
23.0 26.4 7. 2 

------ 22.8 --------
25 26.4 --------

These data suggest that if a primary grain (low but 
stable interlayer ion total) is reworked in an environ
ment where the necessary interlayer ions are readily 
available, an increase in the interlayer summation 
should be expected. This is clearly shown in table 
196.1. 

SUMMARY 

In summary, those glauconites with low interlayer 
ion summation, medi urn to fine grain size, and large 
concentrations of accordion forms are thought to repre
sent primary types. The glauconites of the Merchant
ville, Marshalltown, and Red Bank are chiefly this type. 
Those glauconites with high interlayer ion summations, 
rounded shapes, and coarse grain sizes, are considered 
to be reworked marine types. The glauconites of the 
Mount Laurel, Navesink, Hornerstown, Vincentown, 
and Manasquan are mostly this type. Those glau
conites with a high Fe"' to Fe" ratio are considered 
to be subaerially altered and are of fluvial origin. The 
glauconite of the Cape I\fay is this type. 
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197. X-RAY DETERMINATIVE CURVE FOR NATURAL OLIVINE OF COMPOSITION Foso-oo 

By EVERE'IT D. JACKSON, Menlo Park, Calif. 

X-ray diffraction determinative curves for the entire 
range of olivine composition between forsterite and 
fayalite have recently been published by Yoder and 
Sahama (1957, p. 475-491), Eliseev (1957, p. 657-670), 
and Heckroodt (1958, p. 377-386). Yoder and Sa
hama state that the error attached to an individual 
estimate of composition on their determinative curve is 
+3 or 4 mol percent Fo. Although Eliseev and Heck
roodt have not carried out statistical analysis of their 
data, the errors in their curves appear to be of the same 
order of magnitude. A more precise curve has been 
constructed to determine the Fo content of a large num
ber of olivines from the Peridotite member of the Still
water complex, where the entire range of olivine com
position is only 10 mol percent. 

Olivine concentrates from five specimens of olivine
bearing rocks of the Peridotite member were crushed 
to -325 mesh and cleaned by centrifuging in Clerici 

·solution. Optical grain counts indicate that the sam
ples thus obtained are more than 99 percent pure oli
vine. Two of the samples were split to make hidden 
duplicates, which were then treated as separate samples. 
All seven samples were analyzed by a spectrogravi
metric method devised by Stevens and others (Art. 
228), and the Fo content was calculated as the atomic 
ratio of Mg to total octahedral cations. Splits of each 
of the 7 samples were further divided into 3 subsamples 
for X-ray examination. These subsamples were as
signed random nmnb6rs to determine run order, mixed 
with about 10 percent lithium fluoride (reagent), and 
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prepared as slurrys on cover glasses .'Vs inch in diameter. 
The cover glasses containing the slurrys were placed in 
a rotnting sn.mple holder, and sample heights were ad
justed by placing prepn,red disks of the proper thick
ness under the sample. Each of the 21 subsamples was 
allowed to oscillate twice up and down between 62° and 
67°20 on a N ore] co diffractometer using copper radia
tion and a nickel filter. One degree divergent and 
scntter slits were used; the receiving slit was 0.006 inch 
wide, the scan speed%, 0 per minute, and the chart speed 
1 inch per degree 20. The distance between the olivine 
(062) peak and the lithium fluoride (220) peak was 
measured directly in degrees from the charts and com
piled, n.nd means and standard deviations of A 20 were 
calculated ft;om them. Fo content, calculated from the 
nnalyses, and X-ray data are summarized in table 197.1. 

TAm.E 197.1.-X-ray measurements and Fo content of seven 
olivine samples from the Stillwater complex 

Field No. Lab. No. Fot 

55~V-49 ______________ 9 89. 7 
55~V-40 ______________ 8 85. 8 
55BE-44 •-------------- 11 85. 8 
55~V-26 ______________ 6 84.9 
55BE-37 5 ______________ 10 84. 7 
55~V-29 ______________ 7 84. 0 
52~V-9 _______________ 5 80. 5 

• Atomic ratio or Mg to total octahedral cations. 
2 For Cu radiation. 

Mean of 12 read-
'ings tJ.28 (062) 
olivine-(220) 

lithium fluoride 
(degrees) 2 

2. 857 
2. 926 
2. 928 
2. 947 
2. 945 
2. 958 
3. 019 

a Thoro appear to bo no significant run and smear differences. 
• Hidden duplicate or 55MV-40. 
I Hidden duplicate or 55MV-26. 

Standard 
deviat.ion 

of 12 
readings 

(degrees) a 

0. 0014 
. 0010 
. 0013 
. 0025 
. 0019 
. 0015 
. 0015 

The .information in table 197.1 forms the basis for the 
determimttive curve in figure 197.1. It was most con
venient to plot X-ray measurements directly as A20 
( Cu) on the ordinate. A regression analysis of the 
daht in table 197.1 was made, considering each of the 
seven measurement sets to be individual determinations 
and taking the chemicnJly derived Fo value as the in
dependent variable. The equation for the straight line 
curve 1s: 

A20 (0()2) olivine-(220) lithium fluoride= 
4.4587-0.017855 Fo 

The 95 percent confidence intervals (based on assumed 
normal distribution) for the regression equation are 
±0.006°20 at 85 mol percent Fo and ±0.0075°20 at 80 
and 90 mol percent Fo. These limits correspond to an 
uncertainty of about ±0.35 mol percent Fo at the center 
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FIGURE 197.1.-X-ray determinative curve for natural olivine 
of composition Foso-oo . 

of the curve and ± 0.43 mol percent Fo at the limits of 
the curve. 

The absolute values of d130 were also determined by 
means of a silicon internal standard, after the method 
of Yoder and Sahama (1957, p. 475-491), but the 
standard deviations and the standard error obtained 
by this method were considernbly greater. Measure:
ments of the ( 062) peak are inherently more precise 
than measurements of ( 130), because ( 062) appears at 
a larger 20 angle and because the (062) spacing 
changes more over the range forsterite-fayalite (Eli
seev, 1957, p. 660-661) .· Disadvantages of (062) as 
compared with ( 130) are that it is less intense and more 
subject to interference from reflections of some com
monly associated minerals. 

The detenninative curve shown in figure 197.1 is 
based on olivine from a single petrographic province. 
Yoder and Sahama ( 1957, p. 487) have shown that 
X-ray parameters of olivines are sensitive to variation 
in minor element content and possibly to temperature 
of formation. The curve therefore should be used with 
caution in estimating or comparing compositions ·of 
olivine from diverse environments. 
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198. ACIDIC PROPERTIES OF FITHIAN "ILLITE" 

By DoROTHY CARROLL and ALFRED M. PoMMER, Washington, D.C . 

. Work done partly in cooperation with the U.S. Atomic Energy Commission 

If the pH values obtained by discontinuous potentio
metric titration of the H-form of Fithian "illite" 
(A.P.I. reference clay mineral No. 35) are plotted 
against log N aOH concentration, curves are obtained_ 
that are unlike those found for H-montmorillonite 
(Pommer and Carroll, 1960). The principal differences 
are in slope and in the positions of equivalence points 
for the two clay acids which, theoretically~ should be 
present. The pH values obtained change with time, ap
parently because the "illite" reacts slowly with the 
base. These differences are shown in figure 198.1. 

Garrels and Christ (1956) showed that "illite" be
haves as a mixture of two clay acids, and suggested 
that both interlayer and edge sites of the mineral may. 
contribute to its acidity. Hendricks ( 1945) believes 
that cation exchange in micaceous minerals is due 
primarily to neutralization of charges at the surfaces 
and edges of mineral platelets, and secondarily to re
placement of cations in between the sheets. These 
sheets are firmly held together by K + ions as in mus
covite, but as the K + ions are leached out by weathering 
other cations enter to make up the total positive charge 
required to keep the mineral electl;'ically neutral. The 
total exchange capacity of these micaceous minerals 
and the ease with which their exchangeable cations can 
be replaced is very much less than for montmorillonite. 

The structural formula of the "illite" sample used 
for the titration was calculated from a chemical ~naly
sis by W. W. Brannock. The charge deficiency of the 
cations is almost equally divided between the octahedral 
and tetrahedral layers: 

-.34 . -.33 
a+ 2+ 

(Alt.«Fe.a2Mg.19) (Sia.s7Al.a3)0w(OH) K2.4s(Ca,N a) .13 

The exchange capacity determined experimentally, 26 

milliequivalents per 100 grams, agrees satisfactorily 
with the calculated figure of 20 milliequivalents per 
100 grams. 

In recording successive pH values for the 32 sa.mples 
in the discontinuous titration (table 198.1) it became 
apparent that the values were steadily decreasing. 
Part of this decrease was undoubtedly due to reaction 
of atmospheric C02 with the N aOH, as explained else
where (see Art. 199). The pH figures for the "illite" 
sample suspended in distilled water decreased steadily 
from 5.0 to 2.90 over a period of 75 days, and this 
lowering of pH values cannot have resulted from C02 
absorption by the water, because the pH values are 
much too low. Apparently the "illite" releases H ions 
very slowly. 

The data plotted in figure 198~1, curve (A), obtained 
after 1 day, showed that the "illite" reacted to the 
NaOH as a monobasic acid. The pK value was calcu
lated to be 6.9 and this value is not consistent with the 
low pH of the distilled water in contact with "illite". 
The material even initially appeared to have a higher 
acidity than an acid with a pK of 6.9. Curve (B) has 
no definite inflection point; in fact it is almost a 
straight line. The ·"illite" here reacts as a substrate 
with an infinite number of exchange sites, and the ex
change can be considered a surface reaction. Curve 
( 0), obtained as a result of 75 days reaction of the 
"illite" samples with N aOH solutions, shows three dis
tinct breaks. This curve resembles somewhat vaguely 
that obtained for H-montmorillonite (Pommer and 
Carroll, 1960). Its principal intersection point is at 
pH 3.8; an inflection point appears at pH 5.6. The 
first part of each of the three titration curves is similar 
in slope, although at different pH values. The pH 
values suggest that some of the H+ ions are very loosely 
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FIGURE 198.1.-Discontinuous potentiometric titration of 1-percent suspensions of H-"illite" with 0.01N NaOH (each sample 
has a volume of 6.8 ml). A, Curve obtained 1 day after NaOH increments were added; B, average curve for the suc
ceeding 5 days; 0, curve obtained after NaOH had been in contact with the "illite" samples for 75 days. 
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TABLE 198.1.-pH values tor the titration of "10 mg samples of held by the "illite". The lowering of the inflection 
H-"illite" with 0.01 N NaOH point from curve (a) to curve (c) appears to show a 

[Total volume per sample is 6.8 mi. n.d.=not determined.] decrease in the exchange capacity, perhapS caused by 

NaOH pH after number of days indicated 
Sam· added 
ple (ml) 

II 3 4 6 7 3-7 2 75 3 

------------------
!_ _____ nil 5.0 4. 70 4. 55 4. 31 4.08 
2 ______ 0.06 5.45 5.00 4.80 4.60 4. 45 
3_-- --- . 12 6. 20 4. 75 5. 25 5. 01 4. 70 
4 ______ .18 6.40 5. 90 5. 20 5. 31 5.05 
5 ...... .24 6. 52 6.02 5.85 5.65 5.30 
6 ______ .30 6. 75 6.32 6.02 5. 90 5.40 

7------ .36 6.85 6.45 6.10 6.05 5.62 
8 ...... . 42 6. 90 6. 60 6. 21 6. 28 6.00 
9_-- --- .48 7.10 6.60 6.45 6.45 6.05 
10.---- . 54 7.05 6.63 6. 55 6. 58 6.33 
11 •..•. .60 7.05 6. 75 6.55 6.65 6.25 
12.---- .66 7. 25 6. 70 6.65 6.83 6.50 
13.---- . 72 7.30 6. 95 6.69 6. 90 6.60 
14.---- . 78 7.42 6.97 6. 75 7.03 6. 72 
15.---- . 84 7. 51 7.10 6.98 7.12 6.83 
16.---- .90 7.65 7.10 6.97 7.15 6.82 
17----- .96 7.50 7.20 6. 95 7. 23 6.88 
18.---- 1.02 7. 70 7. 25 7.05 7.37 7.05 
19.---- 1.08 7.80 7. 31 7.25 7.41) 7.10 
20 ••••• 1.14 8.12 7.35 7.30 7.40 7.13 
21_ ____ 1.20 8.30 7.43 7.35 7. 51 7.20 
22 ..... 1. 26 8. 70 7.62 7.45 7. 55 7. 25 
23 _____ 1. 32 8. 58 7.50 7.40 7.60 7.38 
24 ....• 1. 38 8.80 7.08 7. 51 7.65 7. 41 
25 .•. -- 1.44 8.89 7.80 7.55 7.69 7.42 
26 ....• 1. 50 9.10 7. 75 7. 55 7. 77 7.45 
27 ..••• 1. 56 9.25 7.83 7.67 7. 71 7.52 
28 _____ 1. 62 9.30 7.98 7. 70 7.82 7. 55 
29 ..... 1.68 9. 25 7.80 7. 77 7.80 7. 61 
30 ..... 1. 74 9.30 8.00· 7. 81 7.90 7.65 
31_ ____ 1. 80 9. 55 8. 20 7. 98 8.00 7. 75 
32 6 ____ 1.80 10.61 9.68 9.18 8. 50 8. 20 

I Readings for curve A, figure 198.1. 
2 Average of 3-7 days. Readings for curve B, figure 198.1. 
a Readings for curve C, figure 198.1. 

4.40 
4. 71 
4. 92 
5.36 
5. 70 
5. 91 

·6.05 
6. 27 
6.38 
6. 52 
6. 55 
6. 67 
6. 78 
6. 86 
7.01 
7.01 
7.06 
7.18 
7. 27 
7.30 
7.37 
7.46 
7. 47 
7.56 
7. 61 
7.63 
7.68 
7. 76 
7. 74 
7. 74 
7. 98 
8.89 

4 Determined in 100 ml filtrate removed from "illite" after 75 days. 
6 Sample 1, blank; contains 70 mg illite in water. 

2. 90 
3.00 
3.10 
3.15 
3.20 
3.25 
3.35 
3. 51 
3.50 
3. 71 
3. 81 
4.15 
4.13 
4. 35 
4.85 
5.00 
5.10 
6. 20 
6. 60 
6. 75 
7.00 
7.05 
7. 20 
7. 30 
7. 35 
7.05 
7.45 
7.15 
7. 52 
7.60 
7.65 
8.12 

Na 
ppm 

per 100 
ml4 
--

6 0. 71 
.68 
. 81 
.86 
. 67 
. 77 
. 25 
. 77 
.84 
. 91 
. 94 

1.16 
1. 20 
4.19 
4. 27 
4.09 
4.13 
4.13 
n.d. 
4. 21 
1.16 
2. 24 
1. 96 
1. 92 
3. 20 
4.30 
4. 42 
4.44 
4. 53 
4.33 
4. 45 
4.89 

6 Sample 32, blank; contains 1.8 mg. 0.01 N NaOH in water but no "illite." 

flocculation and consequent loss of exchange sites by 
the clays. 

The solutions were removed from the "illite" samples 
and sodium was determined in the filtrates (table 198.1, 
column 7). The results indicate that during addition 
of the first 12 increments of sodium hydroxide the "il
lite" removed sodium from the solutions. The solu
tions from samples 14 to 31 contained considerably 
higher amounts of sodium than those from tl~e other 
samples. 

The results of the potentiometric titration emphasize 
the difficulty and slowness with which micaceous min
erals react, probably because of the presence of K+ ions 
that hold the octahedral sheets firmly together. Fithian 
"illite" is much more compact than montmorillonite 
and has a high inherent charge (Marshall, 1949, p. 22). 
Chemical analyses of micaceous minerals show that 
they form a series in which the exchange reaction will 
increase as K+ ions are removed and are replaced by 
other cations such as Ca 2+ and M~+. 
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199. CARBON DIOXIDE AND ALUMINA IN THE POTENTIOMETRIC TITRATION OF H-MONTMORILLONITE 

By DoROTHY CARROLL, Washington, D.C. 

Work done in cooperation with the U.S. Atomic Energy Commission 

Interpretation of the results of potentiometric titra
tions of hydrogen-clays with a base may be somewhat 
uncertain for two reasons: (a) pH values are influenced 
by the chemical reaction of atmospheric C02 with the 
base; and (b) alumina in the exchange positions of the 
mineral may interfere with the replacement of H + ions 
by other cations in the neutralization of the clay acid. 

Discontinuous potentiometric titrations of H-mont
morillonite (Pommer and Carroll, 1960) with N aOH 
yield values in the range of pH 4 to 12. A number of 
blanks containing N aOH solutions without clay sam
ples were inserted among the samples to show the effect 
of their reaction with C02 • The samples were all in 
glass weighing bottles with tightly closed but not air-
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tight covers. The bottles were opened to make pH 
reading. In accordance with the experimental design 
the pl-I was determined after the solutions had been 
mixed and allowed to stand for 1 day and for 12 days 
(table 199.1). 

•L'ARUJ 199.1.-pH val·1tes of soltttions to which invrements of 
O . .IN NnOH we1·e aaded 

[Total volume of each is 6.2 ml] 

NaOH NaOH, pH values after number of days indicated Differ-
Sample added micro- ence in 

(ml) moles In pH in 
solution 1 2 5 7 12 11 days 

---------------------
la _______ 

0.02 0.32 7.60 6.40 6.10 6.10 6.05 1. 55 
6a _______ .10 1. 61 9. 85 9. 50 7. 80 7. 45 7. 20 2. 65 12a ______ . 22 3. 54 10.50 10.30 9. 75 9. 15 8.00 2. 50 
18a ______ . 44 7.10 11.00 10.95 10.90 10.60 9. 70 1.30 
24a ______ .68 10.96 11.50 11.35 11.40 11.35 11.35 .15 
30a ______ . 92 14.83 11.75 ll. 58 11.52 11.65 11.65 . :o 38 _______ 

1. 20 19.35 11.85 ll. 6.5 11. 7.5 11.75 11. 8.5 nil 

A semilog plot of pH values against concentration of 
N aOI-I shows the effect of C02 in this particular titra
tion by the divergence of the lines for the first and 
second series of pH readings (fig. 199.1). 

A plot such as figure 199.1 can be used to estimate the 
maximum deviations due to C02 absorption. These 
values are helpful in deciding whether C02 absorption 
n.ffects the results of such titration experiments to a 
significant degree. 
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FiounE 199.1.-Effect of reaction of 002 with very dilute NaQH 
solutions in closed glass containers. A, pH readings 1 day 
after mixing; B, pH readings 12 days after mixing. The 
lowest point on curve A indicates a lower pH than was theo
retica.lly expected, because reaction with 002 is more strongly 
shown in such dilute solutions than in more concentrated 
SQ1utions. 

The figures in table 199.1 show that under experi
mental conditions, even with carefully closed con
tainers, there may be appreciable lowering of pl-I values 
in potentiometric titrations of H -clays. It has been 
found, however, that this does not necessarily· interfere 
with the interpretation of curves for clay acids. 

The second difficulty that may occur in titration of 
an R-elay with a base is caused by movement of alumina 
from the octahedral layer of the mineral to the ex
change positions during the preparation of the R-elay. 
The clay has then become an H-Al-clay and behaves 
differently from an R-elay on titration with a base. 
Paver and Marshall ( 1934) first drew attention to the 
release of Al20 3 from clay minerals by electrodialysis. 
Subsequently various investigators (Low, 1955; Mc
Auliffe and Coleman, 1955; Aldrich and Buchanan, 
1958; Higdon and Marshall, 1958) have described· the 
effect of titration of H-Al-clays with bases. Thompson 
and Culbertson (1959) have said that autodigestion 
takes place if H-montmorillonite is stored after pre
paration. No additional alumina is released, however, 
if all traces of HCl are removed by careful washing, 
and Taylor (1959) has shown that the decay of acid
washed clays from H- to Al-systems cannot be inhibited 
by washing out the excess acid -\vith water. Higdon 
and Marshall (1958) conclude from a series of experi
ments that true H -clays can be prepared by treatment 
with H -exchange resins but not by electrodialysis. 

Samples of H-montmorillonite from Chambers, 
Ariz., prepared by treatment with 1 N HCl at room 
temperature, were used for a discontinuous potentio-

'l'ABLE 199.2.-A10a fowna in fiUrates fr01n the tit,ration of 
H-1nontmorillonitc with 0.1 N NaOH 

[65 mg samples in a total volume of 6.2 ml) 

Sample NaOH added Ah03 (mg) Sample NaOH added AhOs (mg) 
(ml) (ml) 

1 _______ nil 0.06 19 ______ 0. 48 2. 32 
2 _______ 0.02 nil 20 ______ . 52 2. 87 
3 _______ . 04 • 06 2L _____ . 56 3. 53 
4 _______ . 06 nil 22 ______ . 60 3. 95 
5 _______ . 08 nil 23 ______ . 64 3 . 11 
6 ______ , 10 nil 24 ______ . 68 3. 95 
7 _______ 12 . 25 25 ______ . 72 3. 95 
8 ______ ·_ 14 . 37 26 ______ . 76 ~- 11 
g _______ . 16 . 50 27 ______ . 82 2. 99 
10 ______ .·18 . 82 28 ______ . 86 2. 39 
11_ _____ . 20 . 99 29 ______ . 90 4. 31 
12 ______ . 22 . 99 30 ______ . 94 3. 53 
13 ______ . 24 1. 75 3L _____ . 98 3.05 
14 ______ . 28 2. 75 32 ______ 1. 06 4. 19 
15 ______ . 32 4. 13 34 ______ 1. 10 4. 31 
16 ______ . 36 3. 92 35 ______ 1. 14 5. 38 
17 ______ . 40 3. 69 36 _____ 1. 16 4. 84 
J 8_--- .. - . 44 . 87 37 ______ 1. 20 5. 26 
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metric titration with 0.1 N NaOH (Pommer and Car
roll, 1960). The filtrates of 36 samples from this titra
tion were analyzed for Al20 3 • If Al20 3 had been 
moved from the octahedral layers of the clay to the ex
change positions during the preparation of the H-form, 
it should either prevent the replacement of H+ ions 
during titration or be present in the solutions that had 
been in contact with the clay samples. The titration 
curve obtained indicates that the clay titrated was an 
H-clay and not an H-Al-clay. A negligible amount of 
Al20a was removed during the titration of the first clay 
acid, and amounts up to the second equivalence point 
remained small. The Al20a found in the filtrates to
wards the end of the titration is due to decomposition of 
the montmorillonite by N aOR. The amounts of Al20a 
found in the filtrates are given in table 199.2. It is 
concluded that this method of preparation with 1 N 
HCl formed H-montmorillonite and not H-Al
montmorillonite. 
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200. CHANGES IN THERMOGRAVIMETRIC CURVES OF CALCIUM SULFATE DIHYDRATE WITH VARIATIONS IN 
THE HEATING RATE 

By CHARLES A. KINSER; Washington, D.C. 

One of the most valuable functions of the recording 
thermogravimetric balance is the making of a perma
nent and continuous record of the rate at which a 
sample lo8es weight while its temperature. is raised at a 
uniform rate. This technique has been especially val
uable in the study of hydration states of various min
erals and chemical compounds. 

As a sample passes, during the heating process, from 
one stable hydration state to another, there is usually 
a change in the rate of water loss, and this is indicated 
on the thermogravimetric curve by a change in slope. 

It was surprising, therefore, that the thermogravi
metric curve (fig. 200.1, curve A) obtained for a 0.4-
gram sample of synthetic gypsum gave no evidence of 
a transition at the point corresponding to hemihydrate 
(plaster of Paris) composition, after 1.5 moles of water 
had been evolved. This curve was recorded as the tem
perature was raised at the rate of 4° C per minute, 
which is a slower rate than that generally report~ by 
other workers in this field. Duval (1953, p. 59) used 
a temperature rise of about 7° C per minute for mo$t 
of his reported experiments. 

When a second run was made with the rate of tem
perature rise reduced· to 1° C ~er minute (fig. 200.1, 

curve B), a significant break appeared in the curve at 
the point corresponding to hemihydrate composition. 
When a third rim was made, ·with a temperature rise 
of 0.5° C per minute, the transition occurred at the 
same point and was even more pronounced than before 
(fig. 200.1, curve 0). The slopes of curves B and 0 
thus indicate that the hemihydrate loses water a.t a 
slower rate than the dihydrate. 

These findings indicate that in thermogravimetric 
study of hydration states it is very important to con
sider the speed at which dehydration proceeds. This 
has also been pointed out by Charlot and Bezier ( 1957, 
p. 180). Although experiments conducted by others 
have shown that satisfactory thermogravimetric curves 
can generally be obtained at rates of 7° to 12°C per. 
minute, the present study indicates that some transi
tions are not revealed by the curves unless the tempera
ture is raised at a much slower rate. 
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201. SYNTHETIC BA YLEYITE 

By RoBERT MEYRoWITZ and MARIE LomsE LINDBERG, Washington, D.C. 

Bayleyite, Mg2U02 (CO a) 3 ·18H20, was first synthe
sized by Axelrod and. others ( 1951). They prepared 
the synthetic compound by (a) allowing an aqueous 
solution containing stoichiometric amounts of Mg 
(NOa) 2,U02(NOa)2, and K2COa (adjusted faintly 
alkaline to phenolphthalein) to evaporate at room 
temperature and (b) "by first preparing the insoluble 
silver uranyl carbonate, reacting an excess of the silver 
uranyl carbonate with magnesium chloride, filtering off 
the precipitate of AgCl and excess silver uranyl car
bonate, and allowing the filtrate to crystallize" at room 
temperature .. The crystals obtained by evaporation for 
a long time were very small and were identified as 
bayleyite by their X-ray diffraction powder patterns. 

Bachelet, Cheylan, Davis, and Goulette' (1952) pre
pared Mg2 U02 (CO a) a by bubbling C02 gas through an 
aqueous suspension of uranium oxide (Hemi,.hydrate) 
and basic magnesium· carbonate. After solution of the · 
reactants; the m~gnesiuni uranylcarbonate was precipi
tated in three ways: (a) by evaporating the solution at 
room temperature, (b) by bubbling dry air through the 
solution, and (c) by adding acetone. The material ob
tained was further purified by recrystallization from 
water. The synthetic compound was identified by par
tial chemical analysis. No optical or X-ray diffraction 
data were given. 

Crystals of solutes can be caused to form by -cooling 
the solution until part of solvent has crystallized. 
Crystals of the solute then form slowly in the remain
ing super saturated solution. We have synthesized 
large amounts of bay leyite in a relatively short time by 
applying this method in the manner described below. 

An aqueous solution (100 ml), approximately 0.1 M 
as Mg2U02(C0a)a, containing Na2COa, U02(NOa)2, 
and Mg(NOa) 2 was adjusted with N~C03 to pH 8.0. 
The solution, contained in a plastic bottle, was for a few · 
days alternately frozen solid and then slowly thawed 
in a refrigerator. · The crystals formed were filtered 
from . the cold solution and pressed dry. Because of 
the great solubility of bayleyite the crystals were not 
~ashed with water. These crystaJs were -easily: seen 
with a hand-lens, and were identified as bayleyite by 
their X-ray diffraction powder patterns. Experiments 
with 100 ml of 0.2 M and 0.3 M Mg2D02(COa)a solu
tions w~re equally successful.. Small.crystals of bayley
ite were also prepared by substituting K2C03 for 
N~COa in a solution of about 0.1 M Mg2U02(COa)a. 

When these crystals were dissolved in water and then 
recrystallized by evaporation large crystals with good 
terminal faces were produced. Some of these crystals 
were 1 by Ys inch and were identified as bay leyite by 
their X-ray diffraction powder patterns. 

Bayleyite is monoclinic. The observed extinctions on 
single crystal X-ray patterns (hOl, h=2n; OkO, k= 
2n) suggest the space group P21/a( 0 2h

5
), but neither 

a mirror plane of symmetry nor a two-fold axis of sym
metry has been confirmed by crystallographic measure
ments. The unit cell measurements (a= 26.55, b = 15.28, 
o=6.50A, all +0.5 percent; ,8=92°58'±10') are smaller 
than those obtained by Axelrod and others ( 195i) (a= 
26.65 ±0.05 A, b=15.31 +0.05A; o=6.53 ±0.02A; {3= 
93°04' ±20'). The newly synthesized crystals deteri-

m 

a n 

FIGURE 201.1.-Crystal habit of synthetic bayleyite. 
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TABLE 201.1.-0rystallographic Elements and angle table (cal
cttlated.fron~ X -ra11 data) M mwclinic 

a: b: C=1.7376: 1:0.4254 p=92°58'; Po: Qo: ro=0.2448: 0.4248: 1 
r.: Pll: Q:a=2.3540: 0.5763: 1; #=87°02' ; . Po' 0.2451, Qo' 0.4254, 

Xo' 0.0~18 

Forms 

"' 
p t/>1 Pt=B c A 

--------------------------
c 001 00°00' 2°58' 87°02' 00°00' ·-·------- 87°02' 
b 010 000 0000 ---------- 000 00°00' 0000 
a 100 0000 0000 000 0000 87 02 --·--··---
m 110 29 57 0000 000 29 57 88 31 60 03 
D 210 49 03 0000 000 49 03 87 46 40 57 
g 021 329 40 26 87 02 49 39 40 21 87 45 
h 401 0000 45 54 44 06 0000 42 56 44 06 
k 111 34 55 27 25 75 14 67 49 24 59 74 47 
r 211 51 52 34 34 61 32 69 29 32 17 63 30 
9 311 61 37 41 49 51 48 71 31 39 13 54 04 
v 2n -45 52 31 25 113 40 6843 33 36 11158 
e an -58 06 38 50 124 21 70 39 41 22 122 10 

orated during the X-ray study, as shown by the broad
ening and weakening of reflections in successive pat
terns. 

Bayleyite crystals grow in clusters of singly termi-. 
nated radiating fibers. Individual fibers are asymme
trical in habit; they are tabular parallel to ( 110) and 
(llO), and the faces (001) and (111), parallel'to the 
same zone-axis, are well developed. Prism faces ( llO) 
and (llO), are narrow, and the pyramid face, (lll) has 
not been noted on any of the six crystals measured. 
Faces of the forms {210}, {021}, {211}, {311}, {211}, 
and {311}, are unequally developed· (fig. 201.1). 
Table 201.1 lists the crystallographic elements and 
angle table for the observed forms, as calculated from 
the X-ray data. 
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202. SYNTHETIC HYDROUS BORON MICAS 

By HANs P. EuosTER and THOMAS L. WRIGHT, Johns Hopkins University, Baltimore, Md. 

Work done in oooperaf>ion with the National Soience Foundation 

It is well known that boron occurs in fourfold co
ordination in silicates, including danburite (Dunbar 
and Machatschki, 1930), reedmergnerite (Milton and 
others, 1960), and many others. N oda, Daimon, and 
Toyoda (1944) synthesized a boron-fluoro-phlogopite, 
KMgsBSisOlOF 2• (See also Comeforo, Hatch, Hum
phrey, and Eitel, 1953, and Hatch, Humphrey, and 
Worden, 1956.) The role of boron in hydrous phyllo
silicates is less clear. Harder ( 1959 a and b) found as 

• much 'as 2,000 ppm boron in natural micas. J. R. 
Porter (written communication, 1959) has pointed out 
that montmorillonites from the Kramer boron deposit 
in southern California contain over 1,500 ppm boron. 

To test the possible extent of replacement of tetra
hedra:lly coordinated aluminum by boron in hydrous 
phyllosilicates, we have synthesized aluminum-free 
boron phlogopite and biotite, and probably boron-bear
ing muscovite. 

Boron phlogopite, KMgsBSisOlo (OH) 2, was grown 
from a mixture of K20 · 6Si02 + MgO + HaBOs 
( K :Mg :B :Si = 1 :3 :1 :3) in sealed gold tubes at a water 

5577l'i3 0-60-29-

pressure of 2,000 bars and at temperatures between 250° 
and 800°C. The results of our experiments are given 
in table 202.1. Boron phlogopite grows readily and 

. crystallizes well, though not nearly as well as boron
free phlogopite. Traces of forsterite are present in the 
products formed above 400°C because the vapor phase 
differs appreciably in composition from pure water. 
Table 202.2 gives powder X-ray data for a boron 
phlogopite grown at 600°C and 2,000 bars. Reflections 
are not sharp enough to warrant further refinement of 
the cell dimensions, which are· listed in table 202.3. 
No single crystals were available on which we could 
study polymorphism. Calculations were based on a 1M 
modification (Yoder and Eugster, 1954). ~oron 
phlogopite shows a distinctly smaller b spacing than 
boron-free phlogopite. The ·approximate indices of 
refraction were measured in white light, the material 
being too finely divided to permit an accurate deter
mination of na and ny; the results are as follows : 
Minimum index, n1,=1.546±0.002, maximum index, 
n2 , = 1.568 ± 0.002, and birefringence= 0.022. · Measure-
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TABLE 202.1.-Results of 1vyarothermal experiments, all 
performea at a water pressure of 2,000 bars 

[In all experiments the material was in an aqueous fluid.] 

Temper-
Starting material ature Time 

Boron muscovite mix (K20 -
6Si02+MgO+H3B03) \j_r 

Boron annite mix (K20·6Si02 
+FeC204·2H20+H3B03). 

Boron muscovite mix (K20 ·-
6Si02+Ah03+H3B03). 

(degrees (hours) 
C) 

---·----

800 139 

750 144 
710 305 
700 622 

600 315 

400 648 
300 660 
250 1, 152 

820 133 
700 622 

550 0 300 

710 144 
400 648 

300 660 

Products 

---------------
Boron phlogopite+forsterite. 

Boron phlogopite+forsterite. 
Boron phlogopite+forsteritc. 
Boron phlogopite+trace of 

forsterite. 
Boron phlogopite+trace of 

forsteri te. 
Boron phlogopite. 
Boron phlogopite. 
Boron phlogopite. 

Magnetite+glass. 
Magnetite+ trace of boron 

annite. 
Boron annite+magnetlte. 

Sanidine+ leucite+glass. 
Boron-bearing muscovite+ 

sanidine. 
Boron-bearing muscovite+ 

sanidine. 

TABLE 202.2.-X-ray powder measurements on synthetic boron 
phlogopite 

din A I hkl QX10 5 

-
10. 163 ·54 (001) +5 

5. 063 12 (002) -4 

4. 571 14 (020) -24 
3. 660 6 (112) -60 
3. 377 55 (002) -3 
3. 155 8 (112) +4 
2. 930 7 (113) -30 
2. 719 3 (023) -1 
2. 619 32 (200) -2 
2:534 5 (004) +16 

. 2. 434 15 (201) -6 
2. 287 ·3 (040) -72 
2. 172 10 (133) -56 
2. 027 14 (005) +14 
1. 679 5 (135) -61 
1. 528 15 (060) +28 
1. 512 3 (061) +92 

ments were easiest on the forsterite-free phlogopite 
grown at 400°C, which has a distinctly smaller bire
fringence than the other synthetic phlogopites. 

Boron annite, KFeaBSiaOto ( OH) 2, was also synthe
sized under similar conditions. It _crystallizes some-

TABLE 202.3.-0ell aimensions (in angstrom nnits) of synthetic 
phlogopites 

IM phlogopite 1 1M fluorphlogoplte 1 l M horon phlogopite 

-------------·-------1----------------- -----------·--
a______ 5. 314±0. 01 
b- - - - - - 9. 204 ± . 02 
c______ 10. 314± . 005 
{i______ 99°54'±5' 

1 Yoder and Eugster (1954). 

5. 310±0. 01 
9. 195± . 02 

10. 136± . 005 
100°4' ±3' 

5. 32 ±0. 01 
9. 165± . 02 

10. 29 ± . 01 
100° 10' ± 10' 

'Yhat more reluctantly than boron phlogopite, but itS 
X-ray powder pattern shows strong basal mic-a peaks. 

We are not quite sure that we synthesized boron mus
covite, KAl2BSia010 ( OH) 2, for an appreciable amount 
of sanidine remains in the products of all our experi
ments. These products, however, h~ve a smaller b 
spacing than boron-free muscovite, which indicates 
that some boron has entered the muscovite lattice. ~-tt 
would be difficult to prove the absence of AI in fourfold 
coordination, unless 100 perc~~~ yield could be 
achieved. 

Boron micas are of great interest not only from a 
crystallographic, but also from a petrologic point of 
view. Although in natural minerals the replacement 
of tetrahedral ·aluminum by boron will rarely, if ever, 
go to completion, many micas from boron-rich environ
ments can be expected to contain significant amounts of 
boron. 
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203. RECENT DEVELOPMENTS IN THE CRYSTAL CHEMISTRY OF VANADIUM OXIDE MINERALS 

By I-IowARD T. EvANS, Jr., Washington, D.C. 

Worlc done in cooperation with the U.S. Atomic Energy Commission 

It is now firmly established that most of the vanadium 
of the Colorado Plateau ores was first deposited as a 
constituent of montroseite, a hydrated vanadium oxide 
isostructural with goethite and diaspore (Evans and 
Block, 1953). This mineral was the source of a1l the 
other vanadium minerals in these ores except vanadium 
silicates. The first step in the weathering process was 
determined through study of crystal structure (Evans 
and Mrose, 1955) to be a solid-state transformation to 

lJ' 

• paramontroseite, which is metastable and is readily de-
composed by further weathering. The course of altera
tion to other secondary minerals has been traced with 
the help of thermodynamic studies by Evans and Gar
rels ( 1958). The· weathering pattern is summarized 
by them in terms of oxidation potential and pii in a 
diagram a portion of which is reproduced in figure 
203.1 in slightly modified form. The mineralogy of 
vanadium in the Colorado Plateau ores has been well 
summarized by Weeks, Coleman, and Thompson 
( 1959), and an earlier survey of the crystal chemical 
background of vanadium mineralogy has been given 
by Evans (1959). 

Numerous studies of crystal structure in this and 
other laboratories show .tha-t each of the valence states 
of vanadium has associated with it a characteristic 
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Fwuum 203.1.-0xidation potential-pH equilibrium diagram for 
vanadium minerals modified from Evans and Garrels (1958), 
showing stability relationships among oxide minerals. 

crystal chemistry, and on this basis the oxide minerals 
may be divided into three groups. In this paper recent 
work in the first two of these groups will be described, 
and some speculations based on this will be offered, 
which I hope will tend to clarify the confusing and 
complex chemistry of vanadium-oxide minerals in 
general. 

THE MONTROSEITE-DOLORESITE GROUP 

The chemical compositions of' all the minerals listed 
in table 203.1 have been established by analysis of 
crystal structures. All these structures are based on a 
chain of octahedra joined by sharing edges along the 
fibre axis of the mineral crystal, which has therefore a 
characteristic fibre spacing of 3.0 A. Each represents 
a different arrangement of single and double chains, in 
which hydrogen bonding plays a major role (Evans, 
1959). A recent extension of this work has greatly 
clarified the nature of the common mineral doloresite 
(Stern, Stieff, Evans, and Sherwood, 1957). All at
tempts to determine the structure of this mineral ·were 
thwarted for a time because its monoclinic symmetry 
was hidden by submicroscopic lamellar twinning; it 
was assumed to be orthorhombic. When untwinned 
material was discovered near Carlile, Wyoming, it was 
readily shown to be monoclinic (fig. 203.2) (Evans. and 
Mrose, 1958). The relation of .such material (termed 
"phase B," and always found intimately intergrown 
with haggite) to the common form of doloresite is still 
unclear, but the Wyoming mineral apparently contains 
trivalent vanadium, with two more hydrogen atoms per 
unit cell than doloresite. I now believe that phase B, 
which may tentatively be designated "protodoloresite," 
is thermodynamically stable, as shown in figure 203.1, 
while doloresite is metastable. Doloresite, therefore, is 
probably derived from protodoloresite by a solid -state 
transformation, just as para,montroseite is derived from 
montroseite (Evans and Mrose, 1955). Protodoloresite 
is .derived from montroseite through a replacement proc
ess, in such a way that the structure of the former 
always has one of the two possible orientations with 
respect to the latter (fig. 203.3). This accounts for the 
lamellar twinning. A n1ore detailed description of 
these investigations will be given elsewhere. 

• 
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FIGURE 203.2.-Crystal structure of protodoloresite: Top, elec
tron density projected along the fibre (b) axis; center, sche
matic view of the structure viewed along the b axis showing 
VOa groups as octahedra, hydrogen bonds as dashed lines; 
bottom, schematic view of one layer viewed normal to center 
view. 

---------- phase 8 (doloresite) 

TABLE 2()3.1.-Minerals of the montroseite and dnttO'fl:ite uroups 

Mineral Formula Cell eontent Reference 

Montroseite ______ V20a·H20 H4V40s l, 2, 3 
Haggite __________ V20a·V204·3H20 H6V4010 4 
"Protodoloresite" __ Y20a·2V204·5H20 HIOV6016 4 
Doloresite ________ 3V204·4H20 HsV6016 4, 5 
Paramontroseite ___ V204 V40s 3 
Duttonite ________ V204·2H20 HsV40I2 4, 6 
"Paraduttonite" ___ V20a·H20 H4V4012 --------

1. Weeks, Cisney, and Sherwood (1953) 
2. Evans and Block (1953) 
3. Evans and Mrose (1955) 
4. Evans and Mrose (1958) 
5. Stern, Stieff, Evans, and Sherwood (1957) 
6. Thompson, Roach, and Meyrowitz (1957)· 

THE DUTTONITE GROUP 

Duttonite (Thompson, Roach, and Meyrowitz, 1957) 
is a quadrivalent hydrated oxide of vanadium, 
V 204 · 2H20 or VO ( 0 H) 2, stable in absence of air. Its 
structure (Evans and Mrose, 1958) contains octahedral 
strings similar to those in the lower oxides, but the 
octahedra are strongly polarized (fig. 203.4). It may 
be regarded as consisting of rows of vanady I ions 
(V0+2

) held together by zigzag hydrogen-bonded 
chains of hydroxy I ions. The occurrence of crystals of 
duttonite in vugs indicates that the mineral was pre
cipitated from acid solutions of vanadyl ions through 
hydrolysis. 

There are three known types of duttonite: (a) light
brown square crystal plates from the Peanut mine, 
Montrose County, Colo., which are monoclinic 

FIGURE 203.3.-Demonstration of the alteration mechanism of protodoloresite (phase B), showing the origin of two reLative 
orientations and lamellar twinning. 

t" 
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H H 
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H H 

FIGURE 203.4.-Crystal structure of duttonite: Top, view along 
monoclinic (b) axis ; bottom, view normal to top view, show
ing ordered polarization of zigzag hydroxyl chains (H-:B). 
Vanadyl groups (V0+2

) are emphasized by double lines. 

(,8= 90°40') ; (b) synthetic vanadyl hydroxide 
(powder) which is orthorhombic (,8=90°); and (c) 
black radiating prismatic crystals from the Monument 
No.2 mine, in Monument Valley, Ariz., which are crys
tnllographically identicnl with the Peanut mine crys
taJs. These observations nre explained by the critical 
role of hydrogen in the duttonite structure. The zig
zng hydrogen bond chains referred to above must be 
polarized, and if the polarizations of the chains in th~ 
structure are ordered, the symmetry must be mono-

clinic. This presumably is true of the natural crystals 
from the Peanut mine. If the chains are disordered, 
then the average symmetry becomes orthorhombic, as 
we can reasonably expect it to be in the synthetic ma
terial. Further, we may imagine that some of the 
hydrogen atoms in the hydroxyl chains are absent. If 
the crystal structure is to be preserved, the loss of 
hydrogen must be accompanied by a concomitant oxi
dation of some of the vanadium atoms. If this process 
were carried to the limit, the reaction : 

V204 · 2H20~ V205 · H20 
duttonite "paraduttonite" 

would result, following a solid-state transformation 
again reminiscent of the oxidation of montroseite to 
paramontroseite. When light-brown duttonite is 
heated, it first turns green, then dark green, and finally 
brownish black. At about 170°C the structure breaks 
down and duttonite is converted to V205. Up to this 
point there is no noticeable change in the X-ray powder 
diffraction pattern. Their change in optical properties 
is considerable, but it has not yet been followed quanti
tatively. Chemical analysis of duttonite synthesized 
in the presence of air always shows the presence of 
V20 5 in varying amounts. The 'black mineral found at 
Monument Valley is probably close to V205·H20, 
which I will tentatively designate "paraduttonite." 
The habit of the mineral suggests that it was deposited 
directly in this oxidized form, under conditions quite 
different from those prevailing at_ the Peanu~ mine. 
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204. AUTHIGENIC RHODOCHROSITE SPHERULES FROM GARDNER CREEK, KENTUCKY 

By E. C. T. CHAO and WILLIAM E. DAVIES, Washington, D.C. 

Zen (1959) reported the occurrence of rhodochrosite 
in marine bottom sediments of the Peru -Chile Trench 
where many crystals appear to be skeletal and sub
hedral. To our knowledge, authigenic spherulitic 
rhodochrosite from sediments has never been reported 
in the literature. 

Rhodochrosite spherules were found in sediments as 
an authigenic mineral in the channel of Gardner Creek, 
3.5 miles west-southwest of Park City, Barren County, 
Ky. Gardner Creek flows in a karst valley on the 

... 

Pennyroyal Plain that terminates in a large sink hole 
where the stream goes underground. The mineral 
occurs in an orange-yell01w clayey quail·tz silt that 
contains about 0.5 percent of heavy minerals. About 
20 percent of the heavy fraction is rhodochrosite; the 
remainder is goethite, chromite, leucoxene, and 
tourmaline. 

The rhodochrosite occurs as spherical grains, usually 
in clusters of two or more as shown in figure 204.1. 
Most of the grains are about 0.1 mm in diameter and 

lmm 

FIGURE 204.1.-Rhodochrosite spherules, Gardner Creek, Ky. 
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the clusters are about 0.2 m1ri across. It is pale yellow
ish to reddish brown in color. The indices of refrac
tion are w=1.815 and e=l.598 (both + .002) which 
indicate that the mineral is nearly a pure rhodochrosite 
(vVayland, 1942). This is also substantiated by a semi
quantitative spectrographic ·analysis made by our 
colleague Janet D. Fletcher: 

Element Percent 

Mn xo. 
Fe X. 
Al o.x 
Si o.x 
Ca o.x 
Mg o.ox 

The .X-ra.y powder diffraction pattern gives a unit 
cell with a=4.78 and c=15.82 A. The d-spacing for 
the 10T4 reflection is 2.86 A which is within the range of 
cell size for nearly pure rhodochrosite reported by 
Ehrenburg (1957). 

The typical spherulitic character is shown by the 
extinction relaitions when the spherules are viewed 
under the microscope with crossed nicols. 

These rhodochrosite spherules are of sedimentary 
origin and are believed to be forming today. Un
fortunately when this sample was collected, we were 
not a ware of the presence of the rhodochrosite spherules 
so that no attempt was made to d~termine its chemical 
environment. 

REFERENCES 

Ehrenburg, B. G., 1956, Nekotoriye vozmojenosti premenenia 
rentgenovskgo analiza polikristallov pri geologicheskih 
issledovaniya: Akad. Nauk SSSR Izv., Ser. fiz., v. 20, no. 
7, p. 764-769. 

'Vayland, R. G., 1942, Composition, specific gravity and refrac
tive indices of rhodochrosite; rhodochrosite from Butte, 
Montana: Am. Mineralogist, v. 27, no. 9, p. 614-628. 

Zen, E-An, 1959, Mineralogy and petrography of marine bot
tom sediment samples off the coast of Peru and Chile: Jour. 
Sed. Petrology, v. 29, no. 4, p. 513-539. 

205. STRATIGRAPHIC VARIATIONS IN MINERALOGY AND CHEMICAL COMPOSITION OF THE PIERRE SHALE IN 
SOUTH DAI{OTA AND ADJACENT PARTS OF NORTH DAKOTA, NEBRASKA, WYOMING, AND MONTANA 

By HARRY A. TounTELOT, LEONARD G. ScHULTz, and JAMES R. GILL, Denver, Colo. 

Investigations of the Pierre shale are based on about 
100 measured sections of parts of the Pierre shale along 
the l\fissouri River and around the Black I-Iills, 700 elec
tric and gamma ray logs, X-ray mineralogical analyses 
of 500 samples, and chemical and spectrographic analy
ses of 69 samples. Stratigraphic .studies have been 
made in an aren. of about 150,000 square miles and inter
pretations of mineralogical and chemical data apply to 
about 100,000 square miles. 

STRATIGRAPHY 

The Pierre shale is between 500 and 1,000 feet in 
thickness in central and southern South Dakota (fig. 
205.1, sections A-A' and B-B'), about 2,200 feet in 
southeastern Montana, and about 3,900 feet in east
central 'Vyoming. Beds of madstone that are distinc
tive units in central South Dakota disappear to the 
west. Silty and sandy beds, largely absent in central 
South Dakota, are locaJly prominent in the Black Hills 
area, and constitute well-defined stratigraphic units 
farther to the west. 

Much of the westward and northward thickening of 
the lower part of the Pierre shale · (fig. 205.1) takes 
place in the Gammon ferruginous member. The Gam
.mon is a much thickened lateral equivalent of part of the 

·Niobrara formation (fig. 205.1, section A-A') and also 
includes rocks equiva.lent to the Eagle and Telegraph 
Creek formations of Montana. The Sharon Springs 
and Mitten black shale members of the Pierre, and the 
Claggett shale, are· contemporaneous units of organic
rich black shale and beds of nonswelling bentonite that 
constitute a useful gamma-ray and electric log datum 
throughout the region. Silty and sandy beds overly
ing the Mitten member along the west side of the Black 
Hills are 400 to 600 feet thick, and are the eastward 
equivalents of the nonmarine Judith River and Mesa
verde formations of Montana and '~Tyoming; these beds 
seem to be represented by less than 100 feet of shale of 
the Gregory member of the Pierre in central South 
Dakota. The top of the silty and sandy beds is a con
venient horizon on which to divide the Pierre into upper 
and lower parts for examination of mineralogical data. 

The upper part of the Pierre shale in the southern 
Black Hills area is about 1,400 feet thick and is. the 
equivalent of the Bearpaw shale in central Montana and 
the DeGrey, Verendrye, Virgin Creek, and l\1obridge 
members of the Pierre along the Missouri River in cen
tral South Dakota. The Elk Butte member of the 
Pierre lies on the Mobridge member, and grades verti
cally and laterally into the overlying Fox Hills sand-
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~"'rouuE 205.2.-Relative abundunce of minerals in clay fraction of samples of the Pierre shale in South Dakota and adjacent parts 
of North Dakota, Nebraska, Wyoming, and Montana. 

stone. The Elk Butte member is absent in the Black 
Hills region, where the Fox Hills sandstone lies con
formably on rocks in the Pierre older than the Elk 
Butte. 

MINERALOGY 

Most samples of Pierre shale consist of 65 to 80 per
cent clay minerals, 15 to 25 percent quartz, a few per
cent feldspar, and com1nonly small amounts of calcite, 
dolomite, biotite, pyrite, gypsum, jarosite, clinoptilo
lite, and organic matter. However, carbonates may 
constitute as much as 75 percent of some marlstones; 
cristobalite as much as 40 percent of some siliceous 
shales, and organic matter as much as 15 percent of some 
organic-rich shales. The clay fraction of a typical shale · 
consists of 25 to 45 percent montmorillonite, which is 
predmninantly of the calcium-rich variety; 35 to 45 per
cent mixed-layer illite-montmorillonite; 15 to 25 per
cent illite; and about 5 percent each of kaolinite and 
chlorite (fig. 205.2). Principal variations from this 
typical composition are in frothy-weathering rocks con-

taining abundant sodium montmorillonite, and in or
ganic-rich shales in the Sharon Springs and Mitten 
members which contain relatively little montmorillo
nite and chlorite, but contain abnorm~lly large amounts 
of kaolinite and mixed-layer clay .. 

Montmorillonite is more abundant in the clay frac
tion of samples from the upper part of the Pierre than 
in samples from the:-iower pa .. rt. Mixed-layer illite
montmorillonite is more ~bundant in the lower part of 
the Pierre. In the upper part of the Pierre shale the 
amount of montmorillonite in the clay-mineral frac
tion generally is highest in the Missouri River area of 
central South Dakota where the Pierre is thin. 

The beds of bentonite consist predominantly or en
tirely of montmorillonite; a few beds contain a little 
kri-olinite. Many beds of bentonite also contain small 
amounts of feldspar and biotite. At .several localities, 
beds of bentonite in the lower part of the Pierre shale 
contain large amounts of clinoptilolite, and at one local
ity phillipsite. Uncommonly low swelling properties 
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FIGURE 205.3.-Bulk chemical composition of 69 samples of bentonite, shale and claystone, and marlstone from the Pierre shale, South Dakota and adjacent 
parts of North Dakota, Nebraska, Wyoming, and Montana . 

. r • f 

to 
~ c.n 
0 

0 
t_!!::j 
0 
t"4 
0 
0 
~ c 
~ 
Ul 
c:l 
~ 
t:oJ 
~ 

~ 
t_!!::j 
Ul 
t_!!::j 

> 
~ c 
~ 
.... 
<0 
Q) 

0 

I 
~ 
0 
::tl 
t-3 

~ 
> 
~ 
t:rJ 
::tl 
Ul 

~ 

z 
t-3 
~ 
t:rJ 

0 
t:rJ 
0 
t"4 
0 
0 
~ 

c 
> 
t"4 

Ul 
c 
~ 

t_!!::j 

~ 
t:rJ 
Ul 



MINERALOGY, GEOCHEMISTRY, AND PETROLOGY B451 

T A BJ,E 205.1.-Average contents of minor elements in bentonite, in shale and claystone, and in marls tone from the Pierre shale, South 
Dakota and adjacent parts of North Dakota, Nebraska, Wyoming, and Montana 

[Values are given in parts per million. i=arithmetic mean; s=standard deviation.] 

Shale and claystone 

Bentonite Organic carbon Marls tone 

<0.5 percent 0.5-1.0 percent >I.O percent 
Minor olomonts 

1 
_______ ...;__ ______ __.:_ ______ __!.. _______ :....._ ______ 

1 Value of sample(s) 
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Content, in parts per million, in number of samples indicated 
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4 
295 

94 23 100 18 125 27 90 18 ------------------Mn ________ _ 1,000 2, 100 2, 000 7, 700 260 340 1, 400 1, 500 ------------------
Mn _________ -------- -------- 315 190 ------------------------------------------------ 1,200, 1,500, 2,300, 

and 9,400 
Mn _________ -------- ________ ________ ________ 290 145 ________ ________ ________ ________ 34,600 
Mn _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 175 100 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 1, 400 
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Co __ - - - - _ _ _ _ 10 6 14 3 16 4 14 7 16 5 _________________ _ 

Ni__________ 40 35 55 32 50 31 53 39 55 14 ------------------
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Cu__________ 15 11 34 10 40 14 80 33 45 28 ------------------
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Sr___________ 210 140 160 57 140 31 115 54 620 410 ------------------
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Bn__________ 1, 200 1, 900 650 200 720 280 630 210 450 · 220 ------------------
Bn._ _ _ _ _ _ _ _ _ _ 500 390 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 6, 600 
Pb __ - - - - - - _ _ 30 8 21 5 23 5 19 7 20 11 _____________ - ___ _ 
u___________ 6 3 3 1 4 2 12 8 5 3 _________________ _ 

of some samples of bentonite seem to be due to magne
sium as the chief exchangeable cation, or an aluminum 
hydroxide layer in the normal position of the exchange
able cations of the montmorillonite. 

CHEMICAL COMPOSITION 

The bulk chemical composition of 69 samples of ben
tonite, shale and cln.ystone, and madstone is shown in 
figure 205.3. Silica and alumina are the only constitu
ents with a mean content of more than 10 percent. The 
constituents that have mean contents· greater than 1 

percent are total iron as ferric oxide, ferric oxide deter
mined separately, and the oxides of po1 assium, magne
sium, and calcium. Ferrous oxide, total carbon, sodium 
oxide, and organic carbon have mean contents greater 
tl1an 0.5 percent. 

The 69 samples have been divided into five groups 
according to rock type and the amount of organic car
bon, and the arithmetic means and .standard deviations 
for minor elements in each rock type are shown in 
table 205.1. Bentonite has the lowest mean contents of 
scandium, chromium, and copper; if isolated high values 
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are excluded from the mean, bentonite also has the lowest 
contents of vanadium, and zinc. Bentonite probably 
ha.s the highest contents of zirconium and lead. The 
group of samples with more than 1.0 percent organic 
carbon has the highest mean contents of vanadium, 
copper, arsenic, selenium, molybdenum, and uranium, 
although there is some overlap of standard deviations 
with those of other groups. The group of organic-rich 
samples tends to have the. highest contents of boron, 

chromium, and probably zinc. The marlstone group 
has the highest mean contents of strontium and man
ganese, although the values for manganese have a very 
wide range. Generally higher mean contents of scan
dium, cobalt, nickel, and gallium are present in the 
madstone group if analyses of these samples are cal
culated to a carbonate-free basis. The remaining minor 
elements seem to show no significant differences from 
group to group. 

206. SUMMARY OF CHEMICAL CHARACTERISTICS OF SOME WATERS OF DEEP ORIGIN 

By DoNALD E. WnrTE, Menlo Park, Calif. 

Probably all changes that occur in rocks from diage
netic, metamorphic, and magm·atic processes are re
flected in some way in the compositions of the waters 
associated with the rocks or magmas during the 
changes. Tentative characteristic concentrations and 
ratios of critical components are here proposed to assist 
in distinguishing some "deep" waters of different origin 
(table 206.1). These data are refinements of criteria 

previously proposed (White, 1957b, p. 1666), and are 
a product of a review by Donald E. White, John D. 
Hem, and G. A. Waring on chemical compositions of 
ground waters, prepared as a chapter for the revision 
of Data of Geochemistry (Clarke, 1924). 

The elements of the alkali and halogen groups, as 
well as boron and chemically combined nitrogen, are 
of particular interest because in general they are highly 

'l'ABLE 206.1.-Approxirnate meaian ratios and contents by weight of analyses of waters of different types 

Total 
Number Total Si02 reported 

of Ca/Na Mg/Ca KjNa Li/Na HCOa*/Cl SO~/Cl F/Cl Br/Cl I/Cl B/Cl reported ppm N as pH 
analyses ppm NH4,in 

ppm 
---- -------- ------------ ----------

Ocean ____________________________ 
---------- 0.038 3. 2 0.036 0. 00001 0.0074 0.14 0.00007 0. 0034 u. 000003 0. 00024 34,500 0.05 8.0 

Oil-field brines: 
NaCl type ___________________ 11 .04 .4 .015 .0003 .02 .0005 .0002 .003 .002 .003 30,000 30 40 7.0 
Na-Ca-Cl type _______________ 13 .3 . 15 .02 .0002 .001 .0008 . 00002 .005 . 00008 .0002 120,000 10 200 6. 7 

Springs that may contain con-
nate water: 

NaCl type ___________________ 12 .05. .5 .03 .0003 .2 .002 .0003 .0015 .002 . 015 20,000 30 40 7.8 
Na-Ca-Cl type _______________ 15 .2 . 1 .05 .0005 .03 .005 .00005 .002 .0001 .0005 20,000 25 7 7.1 

Springs that may contain vol-
canic water: 

Geyser waters ________________ 14 .03 .06 .10 . 01 . 15 . 1 .003 .002 .0000 .02 2,000 300 1± 8. 4 
Non-geyser NaCI type _______ 8 .06 . 1 .13 .002 .3 .06 .001 .003 .0006 . 01 10,000 110 1± 7. 2 
Acid S04-Cl type ____________ 13 .8 .3 .2 .01 .00 .7 . Q1 .0006 .0000 . 01 9,000 300 6 2. 2 
Acid so. type ____ ~---------- 11 1.5 .4 .4 .oo .00 400 .03 .004 .000 .3 2,000 200 30 1.9 
HCOa-S04 type ______________ .2 .4 .005 50 10 .0 -------- ---------- .4 500 70 1± 7.0 

_Springs that may contain met-
amorphic water: 

NaHCOa-boron type _________ 10 .05 .6 .02 .002 .05 . 001 .002 .002 . 1 12,000 80 6.8 
Miscellaneous waters: 

Springs associated with Hg 
deposits ___________ " ________ 6 .04 .5 .03 .001 .4 .006 .002 .003 .1 3,000 90 20 7.0 

Springs associated with Mn 
and W deposits ____________ .5 .3 .07 .001 .3 .5 .02 . 001 .000 .002 2,000 60 1± 6.8 

Springs depositing traver· 
tine._ .. __ . __ ...... _ .. ______ .3 .15 .002 .2 1.4 .01 -------- ---------- .02 2,000 60 6. 5 

Heated meteoric waters ______ 6 .2 .2 .1 15 4 .06 -------- ---------- .1 200 50 9. 2 

*Includes COa as equivalent HCOa. 

.,., 

...., 
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sohrble. The quantities present in a water are therefore 
determined by the local supply of each element through
out the history of origin and migration of the water 
and not in general by low solubility. Absorption, ion 
exchange, and influence of organic activity are consid
ered as special factors not included in the term "low 
solubility." 

Because saline waters can be diluted, and dilute wa
ters can be concentrated by evapm~ation, the absoh1te 
quantity of a minor element in solution is considered 
in general to be much less significant than the ratio 
of the minor element to its geochemica1ly most closely 
related ma.jor element. 

No claim is made for exact precision or for any high 
degree of reliability for any one component or ratio, 
but if the characteristics of an unknown water agree 
within an order of magnitude with those of one of the 
types of table 206.1, the probability for such an origin 
is considered to be very good. 

CONNATE WATERS AND OIL-FIELD BRINES 

The existence of connate or "fossil" water has been 
questioned, but most geologists assume that many saline 
brines in deep sedimentary basins contain some water 
that is not greatly different in age from the enclosing 
rocks and is connate ('Vhite, ·1957h, p. 1661-1678). 
Most connate waters are with little doubt ocean water 
assoeiated with marii1e sediments; a few nonmarine 
connate waters are known. 

Many of the chemical changes .that take place in 
· ocean water ~1fter its incorporation in sediments and 

isolation from oceanic circulation have been considered 
by ''Thit.e (1957b, p. 1662-1674). 

Most deep brines of Tertiary oil fields are high in N a 
and Cl. On the other hand, the deep brines of most 
oil fields of pre-Tertiary age throughout the world are 
of tl1e Na-Ca-Cl type; the distinction between these two 
types is arbitrarily based on a Ca/N·a ratio of 0.1 by 
weight. 

Some oil. field waters of types not summarized in 
t.ttble 206.1 are characteristically high in sulfate and 
(or) bica.rbonate rather than chloride. Sulfate and bi
carbonate waters, although studied only slightly, are be
lieved by the present author to develop after the connate 
chloride waters were hugely flushed out by circulating 
meteoric water. 

VOLCANIC OR MAGMATIC WATERS 

It is clear that deep m·agmatic waters cannot be 
sampled directly at their sources except perhaps from 
fluid inclusions in minerals in igneous rocks and veins, 
and. that volcanic emanations can be sampled only at 
the surface where pressures are low and compositions 
are perhaps much different ·than at depth where pres-

sures are high (White, 1957 a). "T aters of spring sys
tems characterized by especially high temperatures and 
heat flow and located in areas of active or relatively re
cent volcanism are of great interest because they may 
contain at least some volcanic or magmatic steam con
densed at depth, where hydrostatic pressure is suffi
ciently high for substances of low volatility to be 
transported in solution in a dense vapor phase. The 
possible origins of the greatly differing types of waters 
in volcanic hot spring areas have been reviewed by 
White (1957a); the principal chemical characteristics 
of these types are summarized in table 206.1. Geyser 
waters are considered separately from other chloride 
waters because the very high geothermal gradient char
acterizing geyser areas is believed to increase the prob
ability that some magmatic water, rather than entirely 
nonmagmatic waters, is involved. 

WATERS OF POSSIBLE METAMORPHIC ORIGIN 

Some spring waters of high mineral content have 
chemical characteristics that are not clearly indicative 
of any of the groups previously considered. One type 
of particular interest is characterized by high concen
trations of Na, HC03, and B, and by relatively low Cl. 
White (1957h, p. 1678-1679) has suggested that these 
waters may be driven from hydrous minerals of sedi
mentary rocks that are b~ing reconstituted during pro
gressive metamorphism, after interstitial connate water 
high in chloride has been largely driven off during 
compaction of the sediments. These spring waters high 
in HC03, B, and N a are generally low in temperature; 
they are also relatively high in ratios of 1/Cl and are 
notably lower in ratios of Li/N a and K/N a than the 
volcanic chloride waters. These characteristics sug
gest a relationship at least as close to connate as to vol
canic waters. 

OTHER SPECIAL GROUPS 

Thermal and mineral waters associated with quick
silver deposits are in general more nearly similar in 
chemical composition to connate waters of the N aCl 
type and to waters of possible metamorphic origin than 
to volcanic waters (table 206.1). Of analyzed thermal 
waters associated with quicksilver deposits in Cali
fornia, Nevada, and New Zealand, 3 have characteristics 
suggesting a relation to connate N aCl water, 6 sug
gest· a metamorphic origin, 3 are dominantly rather 
dilute meteoric water without clearly diagnostic 
characteristics, and only 1 is a recognizable volcanic 
water of the N aCl type. 

Spring waters depositing Mn and in general some 
W (table 206.1) are dominantly meteoric water with 
some of the diagnostic characteristics of volcanic waters 
and of metamorphic ( ? ) waters. 
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Little attention has been given to the minor element 
composition of meteoric waters that are known to have 
been in contact with salt deposits. The few available 
analyses indicate that K/N a is generally less than 0.005, 
Br/Cl is general!y less than 0.0003, and B/Cl is gener
ally less than 0.0002. 

REFERENCES 
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207. GEOCHEMICAL INVESTIGATION OF MOLYBDENUM AT NEVARES SPRING IN DEATH VALLEY, CALIF. 

By F. N. vVARD, H. M. NAKAGAWA, and CHARLES B. HUNT, Denver, Colo. 

In the course of a general geologic and geochemical 
study, a part of DEk<tth Valley~ Calif., was discovered to 
be characterized by salts, ·brines, and other less saline 
natural waters that contain more than average amounts 
of molybdenum. To account for these amounts, field 
determinations were made on the salts, brines, plants, 
and waters along a traverse between Neva res Spring 
and the edge of the salt pan. A geologic cross section 
along the traverse is shown in :figure 207.1. 

Nevares Spring is a major hot spring in the area of 
molybdenum enrichment. Its waters, flowing at about 
50 gallons per minute, rise along faults that separate 
Tertiary shales from Paleozoic rocks on the east side 
of the valley. The barren slope below N evares Spring 
is mostly mantled with Pleistocene gravel. On a small 
bench where the gravel thins and exposes the underly
ing Tertiary beds, a second spring zone has developed. 
The springs in this zone are cold a.nd include Cow· 
Springs and the spring above Shadeless Acres. 
Travertine ·mounds built by Nevares Spring and 
springs of the second zone support mixed stands of 
phreatophytes, plants that send their roots to a perma
nent water table. 

The gravel fan extending panward from the second 
spring zone is of late Pleistocene and Recent age. Its 
highly permeable surface st.1pports a stand of desert 
holly (Antriplex hy1nenelytra), a xerophyte that de
pends on vadose water. 

At the edge of the salt pan, where the gravel grades 
into sand and silt, the ground water is dammed by the 
silt and rises to the surface to form a ti1ird spring zone. 
The water issuing from this zone is cold and is de
positing sodium carbonate and sodium sulfate. As the 
water moves panward, the proportion of dissolved 
sodium chloride increases, and the phreatophytes are 
zoned according to their increasing salinity tolerances. 
Identical species of plants such as arrowweed, tamarix, 

and desert holly, collected at Neva res Spring, Shadeless 
Acres (second spring zone), and the mouth of Cow 
Creek (third spring zone), contain identical amounts of 
molybdenum, even though the water taken up by the 
plants differs greatly in molybdenum content from one 
locality to another. Moreover,.arrowweed and tamarix 
collected on the west side of the Valley contain the same 
amount of molybdenum as the same species do .at 
Neva res Spring. This suggests that these species are 
saturated with molybdenum and therefore do not reflect 
differences in the molybdenum content of the water. 

Data on the molybdenum content of the water, the 
dissolved solids, and the a.mount of dissolved solids are 
given in table 207.1. 

TABLE 207.1.-Molybdemtm in watet·s and llissolved solids 

Molybdenum 

Total dis-
Sample Location pH solved Relative Relative 

solids content of content of 
(ppm). dissolved water 

solids (ppb) 
(ppm) 

---

DV-1. Nevares Spring __ ------------ 7. 4 700 25 18 

2 Cow Spring __________________ 8. 2 1,100 31 34 
4 Mouth Cow Creek ___________ 8.4 14,000 18 270 
5 Cow Creek Marsh ___________ 9. 0 48,000 7 340 

These data are obtained by a technique in which 
molybdenum from a brine or other natural water sample 
collects on a chelating resin, known commercially as 
A-1, according to a technique recently described by 
Nakagawa and Ward ( 1960) . This resin shows a 
marked affinity for heavy elements. Because the affinity 
is unaffected by salt concentration, the resin is re
markably applicable to brines. Dilute alkali removes 
the molybdenum from the resin and the quantity of 
molybdenum is determined by its reaction with thio-
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cyanate to form a colored complex whose intensity is 
proportional to the concentration. The molybdenum 
content of salts and plants is measured similarly after 
special sample preparation. Salts are leached with hot 
water, and plants are ashed prior to leaching w!th 
dilute acid. 

The molybdenum content increases from 18 ppb. 
(parts per billion) in Nevares Spring water to more 
than 300 ppb at the mouth of Cow Creek, at the edge 
of the salt pan (sample DV -5). The increase parallels 
the increase in pH. Both the molybdenum and the pH 
reach a maximum in the carbonate-sulfate zone, where 
maximum evaporation occurs and the carbonate and 
sulfate precipitate (samples DV-4 and 5). 

The increase in molybdenum content of the water 
might be attributed to the entry of molybdenum-rich 
waters from the faults in the Tertiary shale beds. The 
increase in total dissolved solids is greater than the 
increase in molybdenum, however, so the other dis
solved solids would have to be introduced in larger 
amounts. The preferred hypothesis is that the increase 
in the concentration of solids is chiefly the result of 

evaporation. In Death Valley, the evaporation rate 
is about 150 inches per year ( 0.4 inches per day) ; the 
entire discharge from N evares Spring could thus be 
balanced by evaporation over an area only 600 feet 
square, confirming as reasonable that part of the 
hypothesis. The 69-fold increase in the total solids 
and only 19-fold increase in the molybdenum between 
N evares Spring and Cow Creek marsh is attributed 
to the concentration of molybdenum in the salts de
posited durin.g evaporation. The salt efflorescence at 
the mouth of Cow Creek and Cow Creek marsh 
(samples DV-4 and DV-5) contains 15 ppm of mo
lybdenum (the sand immediately beneath it contains 
only 1 ppm molybdenum) ; in that sample, the salt 
contains appreciably more molybdenum than the water 
from which it formed, furnishing permissive evidence 
for the balance of the preferred hypothesis. 

REFERENCE 
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208. THE DEATH VALLEY SALT PAN, A STUDY OF EVAPOR~TES 

By CHARLES B. HuNT, Denver, Colo. 

The Death Valley salt pan, California, one'· of the 
largest in the world, covers more than 200 square miles. 
All of it is below sea level. The salt crust on the pan 
ranges from a few inches to a few feet in thickness 
and lies on silt and clay. At the center, the .salts in the 
crust and in the brines are mostly chlorides. These 
are surrounded by a narrow zone in which the-salts are 
mostly sulfates, and th_ese in turn by a zone containing 
carbonate salts. This zoning, which reflects the solu
bility of the salts, can be illustrated by evaporating a 
brine in a dish in a laboratory. When this is done (A 
in fig. 208.1), the first salts to precipitate are carbonates 
(c), which form at the edge of the dish and across the 
bottom. As the water level drops and the salinity of 
the brine increases, sulfates (s) are deposited. Finally, 
when maximum salinity is reached, chlorides, prin
cipally halite (h), are dep.osited. 

The Death Valley salt pan consists of such concentric 
zones, but to continue the analogy on a laboratory scale, 
two complexities must ~e introduced. First, the floor 
of Death Valley has been tilted while the salts were be-

ing deposited, so the rings are crowded against the east 
side ( B in fig. 208.1). Further, since the crust formed, 
fresh water entering the pan ha.s reworked the salts 
(fig. 208.10) by washing them from areas subject to 
frequent flooding (/) and concentrating them in irregu
lar growths around those areas. 

The salts are also layered in an orderly way where 
ground water is evaporating. At such places the most 
soluble salts, the chlorides, form a crust on the surface. 
Below this crust is a layer containing sulfate salts, and 
below this is a layer containing carbonate salts. 

A different layering occurs in areas frequently flooded 
by surface water. In these areas a layer of mixed .salts 
containing a high percentage of sulfates accumulates 
near the surface; the repeated floods wash the more 
soluble salts, including chlorides, from the layer. 

The minerals are orderly too with respect to their 
degree of hydration. The less hydrated salts occur in 
two very different kinds of environments: they occur, 
as would be expected, on dry high surfaces subject to 
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FIGURE 208.1.-Diagram illustrating chemistry and history of the salt pan in Death Valley. 
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very high ground temperatures, but they also occur in 
wet environments that are highly .saline. 

The variations in composition of the salts are due to 
such factors as : differences in source of waters entering 
the salt pan, position in the pan, whether the water is 
ground water or surface water, whether it is standing 

or flowing, and seasonal and other long-range changes 
in temperature, precipitation, and evapora.tion. In wet 
periods, for example, when considerable water is enter
ing the salt pan, the most soluble salts are washed to the 
middle. In dry periods, the brines become concentrated 
and deposit salts nearer the edge of the pan. 

209. EARLY STAGES OF EVAPORITE DEPOSITION 

By E-AN ZEN, Silver Spring, Md. 

The minerals precipitated in the early stages of 
evaporation of sea water are the carbonates, halite, 
gypsum, and anhydrite. 'Vith the exception of the car
bonates, these phases can all be referred to the ternary 
system CaSOcNaCl-H20. Figure 209.1, compiled 
from the literature, is an approximately correct poly
thermal liquidus diagram for this system at one atmos
phere pressure, plotted for convenience on a semi-log 
scale. Within this system and at fixed pressure, there 
are seven· invariant points, labeled a to g; these are 
shown in table 209.1. The temperature and composi
tion of the binary eutectic ice-gypsum-solution is as yet 
unknown. Because of the low solubility of gypsum, 
however, its temperature is probably not much below 
0°C, and its composition is probably not much different 
from what it is at 0°C. The univariant curves, c-g and 
d-g, are conjectural. A less probable alternative ar
rangement is shown in inset 2 of figure 209.1. These 
uncertainties, however, are not important to the main 
argument. 

In figure 209.2A the system is portrayed in a con
ventional triangular diagram. For the sake of clarity, 

there is considerable scale distortion in this diagram, 
but the topological arrangement is unaltered. Three 
isothermal, isobaric sections are shown in figures 209.28, 
209.20, and 209.2D. 

To relate the phase diagrams to natural evaporite 
deposits, several features common to many of these 
deposits should be remembered. 

First, the mineralogy of individual beds is simple. 
Unimineralic beds of anhydrite or gypsum, for. ex
ample, are common; polymineralic beds are rarer. 

Second, these unimineralic beds are commonly very 
thick; anhydrite beds up to several hundred feet in 
thickness are well known. 

Third, distinct types of unimineralic beds may inter
laminate and attain considerable cumulative thick
nesses. 

Unimineralic beds suggest deposition of evaporites 
in systems open to material exchange. For such ther
modynamically open systems, and at arbitrary tempera
ture and pressure, Gihbs' Phase Rule takes the form 
(l{orzhinskii, 1950, p. 52) 

¢max.= c-c' 

TABLE 209.1-Data used for constructing the isobaric liquidus diagram (fig. 209.1) 

Point Phases 

a Ice (I), gypsum (G), solution (L) ________ _ 

b Anhydrite (A), G, L----,----------------
c Sodium chloride dihydrate (H.2W), I, L __ _ 
d· Halite (H), H.2W, L ___________________ _ 
e H, A, G, L...: __________________________ _ 

f 
g 
h 
j 

G, H, H.2W, L ___ :. ____________________ _ 
G, I, H.2W, L ________________________ _ 

I, G, H, L--------~---~----------------
1, H, H.2W, L ________________________ _ 

Temperature 
(degrees C) 

<o 
42 

-21. 1 
. 15 

14 

t,< -21. 1 
tg<tr 
h<tj 

tj< -21. 1 

Soln comp., gfkg H20 
References 

caso. NaCI 

::::::::1. 75 0 Posnjak, 1938, p. 267. 
2. 1 0 Idem, p. 268. 
0 303. 9 Internat. Crit. Tables v. 4, p. 235, 1928. 
0 356. 5 Idem, p. 235. 

::::::::4.4 359 Idem, p. 286 (extrapolated by pres en t 
writer); MacDonald, 1953, p. 891. 



MINERALOGY, GEOCHEMISTRY, AND PETROLOGY B459 

a 

Anhydrite 

H 360 H·2W 

380 .__._ ___ .i_ __ _j 

98 99 100 

10 20 30 40 50 60 70 80 90 100 

FIGUll.E 209.1.-Isobaric liquidus diagram for the system GaSO,-NaC1-H20. 

where cp is the number of phases in the system, c the 
number of distinct chemical components, and c' the 
nmnber of components cn.pable of exchange with their 
surroundings. The preva.Ience of unimineralic rocks 
thus indicates that there are only a few components 
that do not commonly undergo material exchange with 
their surroundings; it seems to rule out evaporation in 
a static basin with occasional replenishment of water, 
for such a setup is essentially a thermodynamically 
closed system. 

The deposition of any unimineralic bed hundreds of 
feet thick requires that hydrologic,. climatic, and bottom 
conditions remain more or less constant a long time; 
thick beds made up of interlamination of thin uni
mineralic layers show, however, that periodic fluctua
tions of environmental conditions can also occur. 

A model of steady-state evaporation of sea water 
and precipitation of salts in a thermodynamically open 
system may help to explain these facts. Imagine that 
an ocean current of constant composition is generated 
from a fixed source, and concentrates as it flows and 
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A 

FIGURE 209~2.-Schematic liquidus diagram for the system 
CaS04-NaCl-H~O with three isothermal sections. 

evaporates. Suppose the chemical as well as physical 
conditions to be so balanced that the environment is 
constant at each point in space, although these condi
tions may change along the current. As a result, every 
mass of water arriving at a given spot will have exactly 
the same composition, temperature, and pressure as 
every other mass of water arriving at that spot, and 
will therefore precipitate the same salt. Each solid 
phase, however, can be precipitated from a range of 
water composition (fig. 209.2). Since the water com
position must change gradually, a range of composition 
corresponds to an area in space; this is a way to get 
areally extensive beds of evaporite salts. 

If, however, we follow a particuar mass of water 
along, the situation is more complex. If no mixing of 
waters of different origins occurs, the water will or
dinarily first become saturated with one salt, then 
another is added, a.nd so on, within one system, as iso
thermal evaporation proceeds; the solution will thus 
change in composition along a particular isotherm until 
a point like Pin figure 209.2B is reached, and its com
position will thereafter remain constant. 

In our present model, however, precipitated salts 
settle to the bottom and become removed from the re
acting system, which thus is thermodynamically open .. 
In nature, moreover, physical conditions are expected 
to vary from one part of the current to another. There-
. fore, since the solution is not in contact with its pre
cipitates, when changes in temperature or pressure oc
cur, it cannot remain exactly saturated by reacting with 
these solids, as it could in a closed system. If the 
solution is initially in equilibrium with both halite and 
gypsum along the cotectic (such as at point P in figure 
209.2B a change of temperature, let us say, will tend 
to cause it to become saturated with only one of these 
solids. Therefore, although multimineralic evaporite 
rocks can be derived by precipitation in a closed system 
through the mutual adjustment of solids and solution, 
in an open system such rocks ca.n be derived only at 
specific temperatures and pressures, and are therefore 
of no imp~rtance geologically; the field geologist usu
ally would see sharp contacts between unimineralic 
beds.· 

If the physical conditions fluctuate, the solution at a 
.giyen point in space will alternately become saturated 
with one .salt and then another; interlamination of uni
mineralic beds can therefore result, such as is found in 
the Castile formation (Permian) in Texas.: in the lower 
part of this formation calcite and anhydrite laminae a 
few millimeters thick alternate for over 200 feet 
(Udden, 1924, p. 348-350; Adams, 1944, p.1604). More
over, if we trace these beds along a time plane, these 
salts should change laterally into one another, owing 
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to the combined effects of variations in T, P, and in 
water composition, resulting in onlap-offlap relations. 
Detailed mapping of the salts in a given deposit might 
produce a picture of the distribution of the physical 
variables during deposition, and of their changes. with 
time. 

REFERENCES 

Adums, .T. JD., 1!)44, Upper Permian Ochoa series of Delaware 
Basin, \Vest Texns and southeastern New Mexico: Am. 
Assoc. Petrol. Geologists Bull., v. 28, p. 1596--1625. 

International Critical Tables, 1926-1933. New York, McGraw
Hill Book Co. 

Korzhinskii, D. S., 1950, Phase rule and geochemical mobility. 
of elements: Internat. Geol. Cong. 18th, London 1948, Proc., 
Sec. A. Problems of Geochemistry, p. 50-57. 

MacDonald, G. J. F., 1953, Anhydrite-gypsum equilibrium rela
tions: Am. Jour. Sci., v. 251, p. 884-898. 

Posnjak, E., 1938, The System CaS04-H20: Am. Jour. Sci., 5th 
ser., v. 35A, p. 247-272. 

Udden, J. A., 1924, Laminated anh~;drite in Texas; Geol. Soc.
America Bull., v. 35, p. 347-354. 

210. SPATIAL RELATIONS OF FOSSILS AND BEDDED CHERTS IN THE REDWALL LIMESTONE, ARIZONA 

By EDWIN D. MciCEE, Denver, Colo.· 

The most distinctive lithologic unit in the Redwall 
limestone (Early Mississippian) of northern Arizona 
is the second mmnber above the base, commonly ~e
ferred to as the B mrunber. This unit consists of thin 
beds of white chert and gray carbonate rock in an 
alternating sequence. Because of marked contrasts in 
color between the two types of rock this member is 
especially conspicuous in the walls of Grand Canyon 
where it forms a banded cliff with a height ranging 
from 70 feet in the east to 120 feet in the west. This 
member also is easy to recognize in well cuttings from 
the subsurface both east and north of Grand Canyon. 

Alternating layers of chert and carbonate rock in 
the B member comm.only give the impression, as seen 
frmn a distance, of even, flat bedding, but detailed 
examination proves that these layers have highly ir
regular top and bottom surfaces, and, in many places, 
they termina.te la.terally within short distances. Lo
cally, the chert forms series of disconnected lenses or 
irregularly shaped masses. Beds of both rock types 
have a general horizontal attitude, however, and range 
in thickness from 2 to 8 inches. Fossils, common in 
the white porcelainlike chert, are preserved as external 
molds. The carbonate rock is pure limestone in the 
western part of the region, but uniformly fine grained 
dolomite in the eastern part. 

A se1niqua.ntitative study has been made of the B 
1nember at selected localities to determine relations and 
distributional trends of rock types and of fossils 
throughout the Grand Canyon region. .At each of 22 
sites, considered representative of the member as a 
whole in this region, a 4- by 4-foot square was marked 
·off on a vertical outcrop face for analysis. The pattern 

of chert distribution and the loca.tion and type of all 
recognizable fossils within the square, or sample plot, 
were then recorded on a chart (fig. 210.1). 

Analysis of the sample plots indicates several signifi
cant features. First, ·fossils associated with the rock 
in eastern Grand Canyon, for example at Tanner Trail 
(fig. 210.1a), are dominantly bryozoans; those in cen
tral Grand Canyon, for example at Diamond Creek 
(fig. 210.lb), are largely crinoids; and those in western 
Grand Canyon, for example at Bridge Canyon and 
'Vhitmore 'Vash (figs. 210.1c, 210.1d), include both of 
these groups and many other types in addition. Fur
thermore, in western Grand Canyon the total number 
of all fossils is very much greater than farther east. 
Thus, differences in typ~ and relative abundance of 
fossils, as determined from the sample plots, form a 
pattern representative of faunal facies on the shallow 
sea floor; this facies pattern is·believed to have extended 
westward across a shelf. toward the deeper waters of 
a geosyncline. · 

A second trend in the sa.mple squares concerns fossil 
distribution in each of the two rock types .. Fossils of all 
varieties are very much more numerous in the chert 
than in the associated carbonate rock. In eastern Grand 
Canyon this may be the result of fossil destruction dur
ing dolomitization, although this is not certain as 
moderately well preserved individuals are scattered 
through the . dolomite. In western Grand Canyon, on 
the other hand, the carbonate rock as seen in thin sec
tion is fine to coarse grained limestone; therefore, the 
relative scarcity of fossils in carbonate rock seems to 
represent a feature of the original environment of 
deposition. Thus, the presence and distribution of beds 
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FIGURE 210.1.-Sample plots from four vertical outcrop faces of the B member of the Redwall limestone in Arizona, showing 
distribution of chert, carbonate rock, and associated fossils. a, Tanner trail, lower part of member; b, ·Diamond Creek, 
middle part of member; c, Bridge Canyon, upper part of member; d, Whitmore Wash, upper part of member. 
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and lenses of chert are related to distribution and 
abundance.of fossils; locally abundant fossils may have 
formed zones of maximum permeability and therefore 
zones 1nost favorable for silicification. 

Because dolomite in the B member of the Redwall 
limestone is confined to the landward or easternmost 
sections of Grand Canyon, and for other reasons, such 
as the presence of protodolomite and the manner of fos
sil preservation, this rock is considered, in the classifica
tion of Dunbar and Rodgers (1957, p. 238), to be an 
S-dolostone rather than a T -dolostone, and is in
terpreted as having formed by replacement of calcium 

carbonate on or beneath the sea floor prior to lithifica
tion. The sample-plot study shows, however, that the 
chert was formed before the dolomite, for external 
molds in the chert show preservation of delicate details 
of shell structure, whereas molds in the dolomite are 
much less perfectly preserved. Because of this and 
supporting petrographic evidence, a very early stage 
of chertification is postulated for the bedded cherts of 
the Redwalllimestone. 
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211. STRUCTURALLY LOCALIZED METAMORPHISM OF MANGANESE DEPOSITS, AROOSTOOK COUNTY, MAINE 

By Lours PAVLIDES, Beltsville, Md. 

·GENERAL CHARACTER OF THE DEPOSITS 

Layered manganese- and iron-bearing deposits· in 
eastern Aroostook County, Maine, occur as sedimentary 
lenses, chiefly in folded rocks of Silurian age. They 
are grouped in three ill-defined areas that form a dis
continuous belt about 65 miles long. In the central or 
Maple and IIovey Mountains area the lenses are in 
sl•ate, which overlies a sequence of volcanic rocks and 
slate interlayered with graywacke. The rocks are in 
the greenschist facies of regional metamorphism. 

The deposits in the Maple and Hovey Mountains area 
are of two primary lithologic types: (1) a hematitic 
type, which consists mostly of hematitic shale, slate, and 
banded hematite ironstone, and (2) a siliceous car
bonate type. The deposits contain, on the average, 
about 7 percent manganese and 13 percent iron, but the 
lithologic units included in the deposits differ widely 
in grade, a~1d so do the various kinds of rock within a 
given unit. 

In deposits of the hematitic type, hematite is com
monly the most abundant mineral, and braunite 
(3Mn20s · MnSi03 ) and rhodochrositic carbonate the 
principal manganese minerals. Spessartite, bementite, 
cryptocrystalline apatite, quartz, muscovite, chlorite, 
and alkali feldspar are present in lesser amounts, along 
with local barite, phlogopite, chert, and hausmannite. 

In the deposits of the siliceous carbonate type, the 
chief manganese minerals are rhodochrositic and 
sideritic carbonates. Chlorite is widespread and abun
dant. Pyrite is locally abundant, and some quartz, 

alkali feldspar, and cryptocrystalline apatite are 
present. 

Magnetite of metamorphic origin is locally rubundant 
in both primary facies, and it is possible to distinguish 
magnetite-bearing and magnetite-free varieties of both 
facies. The chief manganese mineral of the magnetite
bearing deposits is manganoan carbonate close to rho
dochrosite in composition. Chlorite is abundant, and 
the accessory constituents include cryptocrystalline 
apatite, quartz, alkali feldspar, biotite, muscovite, 
stilpnomelane ( ~), and bementite ( ~). Deposits that 
originally consisted of siliceous carbonate also contain 
accessory pyrite and, in a few places, a very little 
pyrrhotite. Some unreplaced hematite remains in de
posits that were originally of the hematitic type, but 
braunite is generally absent. 

METAMORPHISM IN THE MAPLE-HOVEY DEPOSIT 

The Maple-Hovey deposit, which is the largest in the 
area and the only one that will be discussed here, con
sists mainly of three superposed continuous units of 
manganese-bearing hematitic rock, but at its base in 
many places there is a thin and discontinuous layer of 
manganiferous siliceous carbonate. The total thickness 
of manganiferous rocks in the deposit averages about 
150 feet. The deposit occurs in a doubly plunging 
syncline with numerous secondary folds. 

Most of the magnetite occurs on or near the axes of 
secondary folds, both at the ends of the main syncline 
and along its flanks. Typically the magnetite occurs in 
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TABLE 211.1.-Chemical analyses of manganese-bearing hematitic ironstones and manganiferous, magnetite-bearing ironstones from the 
Maple-Hovey deposit 

51-16260D I 
T-5-A 

51-16270D I I 51-16280D I I 
T-12-A T-12-B 

A. Hematitic ironstones 

51-16290D I 

T-42-A 
51-16300D I 

T-43-A 

Si0
2
_________________________ 19. 19 19. 77 14. 64 13. 30 37. 14 

A120a----------------------- 3. 53 3. 31 2. 53 3. 20. 9. 67 
Fe20a----------------------- 38.65 27.10 55.16 56.67 5. 66 
FeO_________________________ . 00 . 00 . 00 . 00 . 00 
MgO________________________ 1. 49 1. 59 1. 08 1. 29 2. 36 
CaO _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ 5. 91 5. 04 5. 99 5. 31 2. 54 
Na20________________________ . 76 . 02 . 97 1. 32 1. 42 
K20_________________________ . 76 . 50 . 44 . 57 2. 74 
H2o-_______________________ . o6 . o9 . 3o . 16 . o6 
H20+----------------------- . 57 1. 05 . 94 . 71 . 70 
Ti02 --------------~--------- . 16 .13 . 11 . 14 . 39 
C02------------~------------ 4. 78 4. 50 2. 96 4. 49 6. 85 
P20 5 

______________ ..:- _ _ _ _ _ _ _ _ 4. 02 3. 17 4. 15 3. 25 . 15 
MnO________________________ 19. 87 33. 67 10. 37 9. 47 29. 93 

51-5580 2 I 
T-12+142E 

21. 02 
2. 53 

57. 10 
. 00 

1. 15 
5. 02 

4 • 18 
4. 24 

. 14 
1. 08 

4 . 16 
1. 62 
3. 70 
6. 31 

Arithmetic 
average 

20. 84 
4. 13 

40. 06 
. 00 

1. 49 
4. 97 

. 78 

. 88 

. 14 

. 84 

. 18 
4. 20 
3. 07 

18. 27 
sa___________________________ . 01 . 01 ------------ ------------ ------------ ------------ ------------
0 ___________________________ ------------ ------------ ------------ ------------ ------------ . 18 ------------

Total ________________ _ 99. 76 99. 95 99. 64 99. 88 99. 61 100. 43 99. 85 

51-1631CD I 
T-19-0 

51-16320D I I 
T-23-B 

51-16330D I I 
T-23-A 

51-16340D I 
T-23-0 

51-16350D I 
T-23-D 

51-5480 2 

Tl1+270W 
Arithmetic 

average 

B. Magnetite-bearing ironstones 

Si02-----------------------~- 8. 96 18. 62 
AhOa------------------------ 3. 59 3. 60 
Fe20a----------------------- 45. 52 40.51 
FeO _________________________ 17. 71 20. 86 
MgO _---- ---- - - - - - - -- - - - - --- 1. 35 2. 33 
CaO ________________________ 5. 98 4. 00 
Na20------------------------ . 03 . 04 
K20------------------------ . 26 . 23 
H20- ______________________ . 08 . 58 
H20 + _______________________ 2.07 2. 78 
Ti0

2 
__ . ______________________ . 14 . 14 

C02 ______ ------------ ___ . ____ 2. 17 . 28 
P206------------------------ 4. 80 3. 13 
Mno _______________________ ~ 6. 98 2. 66 
sa __________________________ . 03 . 02 

TotaL ________________ 99. 67 99. 78 

1 Robert N. Echer, analyst, Denver, Colo. 
2 Charlotte M. Warshaw, analyst, Washington, D.C. 

layers that mark the original bedding, but none of the . 
magnetite-bearing layers are stratigraphically con
tinuous for more than a very short distance; most of 
them appear to cut across lithologic boundaries and to 
extend discontinuously along different stratigraphic 
levels. This distribution of the magnetite demonstrates 
that it is of metamorphic origin, and because the meta
morphism which resulted in the formation of magnetite 

19. 90 16. 63 13. 57 26. 41 17. 35 
2. 25 3. 40 3. 73 4. 59 3. 53 

20.09 42. 21 40. 21 39. 21 37.96 
3. 45 17.24 1. 47 15. 53 12. 71 
1. 54 1. 14 . 9~ 1. 78 1. 51 
8. 09 4. 18 6. 56 4. 11 5. 49 
. 02 . 03 .10 4 • 07 . 05 
. 63 1. 30 . 88 4 • 45 . 63 
. 57 . 57 1. 00 . 14 . 49 

1. 88 1. 64 1. 95 2. 12 2.07 
. 10 . 09 . 03 4 • 22 . 12 

13. 26 3.06 7. 22 . 00 4. 33 
5. 52 2. 94. 4. 62 3. 16 4.03 

21. 99 5. 75 17. 27 1. 78 9. 41 
. 06 . 007 . 01 . 05 . 03 

99. 35· 100. 187 99. 54 99. 63 99.71 

a Determined by M. K. Carron, Washington, D.C. 
4 Determined by S. M. Berthold, Washington, D. C. 

is closely associated with tight folds it is here called 
structurally localized metamorphism. 

Where rocks of the hematitic type, such as the man
ganiferous banded hematite ironstones of the middle 
unit in the Maple-Hovey deposit, have undergone struc
turally localized metamorphism, they generally differ 
from their less metamorphosed equivalents in the fol
lowing respects: (a)_ they contain virtually no braunite; 
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(b) they contain much magnetite but little or no hema
tite, indicating that the magnetite was derived from 
hematite; (c) they contain abundant chlorite, notably 
in certain layers and in the pressure shadows of mag
netite; (d) they contain biotite; and (e) muscovite is 
conrser nnd more abundant in them than in the less 
metamorphosed rocks. 

In siliceous carbonate rocks that have been affected 
by structurally localized metamorphism, the most con
spicuous and apparently the most abundant metamor
phic mineral is magnetite. The magnetite is ~ostly in 
the carbonate layers, nnd its iron apparently came from 
the iron-bearing carbonate. Pyrite grains are larger 
in the more highly metamorphised rocks than elsewhere. 

CHEMICAL CHANGES 

The chemical changes accompanying structurally lo
calized metamorphism can be evaluated only for the 
originally hematitic rocks, because no comparable 
chemical analyses are a vaila:ble for the siliceous car
bonate rocks. These chemical changes are indicated ap
proximately by comparing the chemical analyses, given 
in table 211.1, of h~matitic and of magnetite-bearing 
ironstones from the middle manganiferous unit of the 
Maple-I-Iovey deposit. They are believed to include: 
(a) formntion of FeO (there is no FeO in the banded 
hematite ironstones), (b) increase in H20, and (c) 
decrease in N a20. These are the only chemical differ
ences that persist in all the samples in table 211.1. 
Some of the apparent increases and decreases of other 

oxides may be significant, but. none of them affect all 
the specimens listed. in the table. 

Other chemical data and field and petrographic rela
tionships suggest that .structurally localized metamor
phism consisted essentially in a reorganization of the 
constituents within the deposits, without appreciable 
addition or subtraction of constituents except for the 
addition of H20. 

The chief chemical changes in the hematitic-type de
posits involved reduction of Fe3+ to Fe2+ to form magne
tite from hematite, and simultaneous reduction of the 
higher valence manganese oxides to MnO, resulting in 
the destruction of braunite. Hydration, whose chief 
result was formation of chlorite, also occurred. In the 
siliceous carbonate rocks the reactions involved a partial 
oxidation of the Fe2+ radical of the carbonate Fe3+ 

to form magnetite. 
StructuraJly localized metamorphism is believed to 

have occurred in tight folds because they facilitated the 
movement of regional fluids and acted as local thermal 
nodes. The conditions necessary to form magnetite 
were presumably achieved where the chemical potential 
of the oxygen in fluids permeating and moving through 
the deposits was such that magnetite was the stable 
mineral phase at a certain critical temperature. In 
order for the systems fluid-hematite and fluid-FeC0 9 to 
adjust towards equilibrium at the prevailing oxidation
reduction potential of the environment, hematite was 
reduced to magnetite and the iron in the carbonate was 
oxidized to magnetite. 

212. MIGRATION OF ELEMENTS DURING METAMORPHISM IN THE NORTHWEST ADIRONDACK MOUNTAINS, 
NEW YORK 

By A. E. J. ENGEL, and CELESTE G. ENGEL, La Jolla, Calif. 

Work done in coope1·ation with the California Institute of Technology, Pasadena, California, the University of California, 
La Jolla, California, and the National Soience Foundation 

The siaJic segment of the Earth's crust and many 
associated hypogene mineral deposits are presumably 
extracts or differentiates from subjacent, more mafic 
rock. The extraction of felsic, volatile, and ore-form
ing substances from simatic subcrust or mantle clearly 
involves transfer by magma, migma, and metamorphic 
fluids-although the relative roles of igneous and meta
morphic processes remain enigmatic. One way of 

better understanding the origin, growth, and regenera
tion of the sial and its mineral deposits is to examine 
the changes in common crustal rocks induced by pro
gressive, regional metamorphism, and to study the 
changes in properties of these rocks as they seem to 
approach and cross threshold conditions for melting. 

The present study, in the northwest Adirondack 
Mountains, is an attempt ·to evaluate the changes in 
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FIGURE 212.1.-Sketch map of the northwest Adirondack Mountains showing the relations of the paragneiss, marble, and 
associated granite to the Adirondack massif. The amphibolites described in the text occur within the gneiss complex. 
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ple localities from the massif. Emeryville is in the area of group 1 and Colton in group 5. 

composition and characteristics of three common rock 
types-basalt, graywacke, a1~d siliceous magnesium 
limestone-as these are traced some 40 miles into the 
core of the Adirondack orogen (fig. 212.1). 

The geological features of these three rock types and 
their stratigraphic and structural relations have been 
previously described (Engel and Engel, 1953; Brown 
and Engel, 1956; Engel and Engel, 1958, 1960). Geo
logical thermometers indicate that temperatures of 
metamorphism were about 500° C at the southwest end 
of the belt, a.nd at or slightly above 600° C near the 
perimeter of the massif (Engel and Engel, 1958) 
Depths of metamorphism are inferred to be from 5 to 
10 miles. 

The metamorphism of graywacke has been described 
in a series of publications (Engel and Engel, 1953, 1958, 
1960). At the lower temperature end of the belt the 
graywacke is metamorphosed to a quartz-biotite-oligo
clase-muscovite gneiss whose bulk composition seems 

to be that of the parent metasedimenta.ry rock, fig. 
212.2). With increasing temperature of metamorphism 
the mineral and chemical composition of the gray
wacke changes as shown graphically in figure 212.2. 
Muscovite disappears, garnet appears, pla.gioclase in
creases in abundance and in average An content, and 
quartz and biotite decrease (fig. 212.2). Complemen
tary changes in chemical composition include a de
crease in J(, Si, Fe+++, H20, and Ba. There is a well
defined complementary increase in AI, Fe++, total Fe, 
Mg, Ca, Cr, Ga, Ni, and V. The ratio Si+K+Na+ 
H20/Ca+ Mg+ Fe changes from about 6.4 at Emery
ville to about 4.5 at Colton. These changes amount to 
a degranitization or basification of the gneiss which ap
pears to be anatectic in origin. The process of basifi
cation begins at about 550° C and is well-defined at 
600° C. The mobilized Si, J(, Ba, and H 20 appear to 
be partly liberated and partly trapped as veinitic 
miginatite. The basaltic rocks at the southwest end of 
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the mean. DistJunces between areas on the horizontal coordinate are measured along horizontal lines drawn normal to 
the trnce of the pet1meter of the massif to the center of each area or group (fig. 212.1). 
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FIGURE 212.3.-Generalized curves indicating changes in mineral and major-element compositions of 76 samples of amphibolite 
in the Emeryville-Colton region, New York. The form of this graph is identical with that of figure 212.2, with which 
this should be compared. 
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the belt, where temperature and pressure were lowest, 
are metamorphosed to dark-green to black, coarse 
grained hornblende-andesine amphibolites with about 
10 percent quartz, 2 percent ilmenite, and 0.4 percent 
sphene (fig. 212.3). The bulk chemical composition is 
that of a slightly oversaturated basalt. At Colton, New 
York, 30 miles to the northeast, where higher tempera
ture and pressure prevailed, the amphibolites are 
greenish-black, coarse grained labradorite-two pyrox
ene-hornblende gneiss, with about 2 percent quartz and 
2 percent ilmenite; here the chemical composition is that 
of an olivine basalt. With increasing grade of meta
morphism, there is a decrease in I<:20, H20, and in the 
ratio Fe+++jFe++, Amounts of Ca and Mg have in
crensed and the ratio l{/Ca decreases from 1.3 at Emery
ville to 0.4 at Colton. 

In the thick siliceous marbles associated with the 
rocks described above, diopside has formed as the 
highest rank mineral at both Emeryville and Colton. 
Commonly, the diopside occurs as reaction rims or · 
coronas separating metasedimentary quartz and 
dolomite. These rims thicken as the marble is traced 
to the northeast. Consequently, there is good evidence 
tha.t progressive metamorphism is a:ccompanied by 
progressive decarbonation of the marble (fig. 212.4). 

The systematic changes in cmnposition of the three 
contrasting rock types-basalt, graywacke, and 
marble--with progressive metamorphism appear almost 
certainly to be m.etamorphic in origin, rather than 
fortuitous properties of the premetamorphic rock 
sequence. Although this conclusion is based primarily 
on the field relations and measured properties of the 
rocks, it also is consistent with predictions from labora
tory and theoretical studies (Tuttle and Bowen, 19'58, 
p. 117). 

Assuming that this interpretation is correct, it is 
of interest to examine the amounts and relative pro
portions of the liberated substances and their capa
bility to fonn significant rock and mineral deposits. 
Volume changes in the system during metamorphism 
may be inferred from detailed field studies. Theoreti
cnHy all three units may be expected to decrease in 
volume with the decrease being greatest in marble, 
intermediate in gneiss, and least in amphibolite. Actu
ally, field studies indicate that the marble and gneiss', 
decrease in total thickness by about 30 and 15 percent ' 
respectively between Emeryville and Colton. There 
is no well-defined change in the volume of amphibolite. 

Assuming that two-thirds of the volume changes 
in the gneiss aJld 'marble are due to loss of constituents 
during metnmorphism, and that no decrease in the 
volume of amphibolites has occurred, a cubic kilometer 
of these rocks in their relative proportions, ha.ve re-
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FIGURE 212.4.-Graph illustrating the approximate extent of 
decarbonation of marble, due 1to the growth of metamorphic 
silicaltes, especially diopside, in the Emeryville and Colton 
areas. 

leased on the order of 53 million tons of Si02, 7.8 mil
lion tons of K 20, 4.4 million tons of H 20, and 160 
million tons of C02. 

Some conception of the volume of mobilized material 
is indicated by the fact. that at least 10,000 cubic kilo
meters of combined gneiss, marble, and amphibolite 
appear to have undergone this type of high grade 
metamorphism and partial n1elting . in the exposed 
Adirondack orogen; and an equivalent or greater 
amount was even more completely fluxed and variously 
assimilated. 

The amounts and kinds of trace elements that have 
accompanied these major elements are most difficult to 
assess in view of the errors inherent in our calculations. 
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TABLE 212.1.-Estimated amounts of alkalis, silica, water, and 
carbon dioa:ide emitted from paragneiss, amphibolite, and 
marble d·uring 1·egional metamorphism in the Colton area, 
New York 

[Expressed in tons per cubic kilomete.r] 

Oxide 
Rock type 1 

Gneiss Amphibolite Marhle 

Si02----·------- 21X107 trace 
K20 ___________ 26X106 13X106 
H20___________ 10X106 19X106 
C0

2 
______________ . ________________ _ 25X 107 

Total2 

525X 105 

78X 105 

44X 105 

163 X 106 

I Includes 80 percent of the total Grenville-like metasedimentary rocks and as
sociated volcanics in the northwest Adirondacks. 

2 A weighted average in which gneiss constitutes 25 percent, amphibolite 10 percent, 
and marble 65 percent. 

There is no doubt, however, that large volumes of Ba, 
B, Ph, Zn, and Mn have been released during metamor
phism. 'The amount released from the gneiss alone are 
on the order of 100 thousand tons of Ba per cubic kilo
meter, 25 thousand tons of Mn, and 10 thousand tons of 
Pb. Analyses of samples from other rock types are 
not completed. 

The processes of mobilization of these elements, their 
mode of migration, sites of distribution and deposition, 
and related phenomena remain speculative. Probably 
the gneiss in the area between Russell and Colton was 
partly molten during the most intense phase of meta
morphism, and. at least incipient melting must have 
occurred at Emeryville. The experimental work of 
Tuttle and Bowen suggests that with 1 percent con
stituent H20, about 10 percent of the paragneiss could 
have been liquid at the temperatures and pressures per
taining at Colton. 

Tuttle (in Tuttle and Bowen, 19.58, p. 126) notes: 
As melting (of felsic rocks in the crust) may take place at 

temperatures as low as 600° C in the presence of water vapor, 
and at still lower temperatures when other volatiles are also 
present, it seems reasonable to consider· partial melting as an 
important agent for promoting regional metamorphism. 

The suggested fluxing and emission of volatiles and 
alkali silicates in the Adirondack rocks appears to be 
documented by the migmatite and granite intimately 
associated with the gneiss complex. 

The ratio of K 20/Si02 which seems to have been 
liberated from the gneiss is about 1 :8, very close to that 
in associated congealed migma. The ratio of K20 /Si02 
emitted from the amphibolite seems very much larger
probably 2 :1. 

Whether or not the potassic minerals formed during 
retrograde metamorphism and whether the deposits of 
Ph, Zn, and Ba at Emeryville were also derived from 

the gneiss is uncertain. The amounts of Ph, Zn, and 
Ba emitted from the gneiss alone seem to be large 
enough-if concentrated~to form all the known depos
its of these metals in the northwest Adirondacks; but 
studies of the migmatites suggest that a large fraction
one-half to three-fourths-of these elements have re
mained associated with the !(-feldspar, muscovite, and 
related metamorphic silicates of the migmatites. 

SUMMARY 

In the metamorphic .sequence of the Adirondack 
orogen·, H 20 and C02 are the first common constituents 
expelled in large volume. Probably this is a general
ization applicable ·to most terranes. And very little 
else may be expelled du_ring any regional metamorphism 
that does not exceed intermediate grade. Certainly the 
accumulating evidence from diverse terranes is that the 
other common rock-forming elements do not migrate 
very far in the lower and middle grade of metamor
phism (Shaw, 1956; Raychaudhuri 1

; Schwartz 2). 
Data from the Emeryville-Colton region suggest that 
if other common rock-forming elements are considered, 
the alkalis, especially K, and its cogeners, appear to be 
mobilized first, followed by silica. Studies are to be 
continued with the aim of refining the data we have 
and amplifying them with information from other 
rock units in the Adirondack orogen, and elsewhere. 
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213. CHILLED CONTAC'fS AND VOLCANIC PHENOMENA ASSOCIATED WITH THE CLOUDY PASS BATHOLITH, 
WASHINGTON 

By FRED W. CATER, JR., Denver, Colo. 

The Cloudy Pass batholith, a post-Eocene intrusive 
remn.rkable for a number of features not normally 
associated with batholiths, lies along the crest of the 
Northern Cascade Mountains in north-central Wash
ington. The batholith is about 11 miles wide, has a 
known length of about 15 miles, and is exposed to a 
depth of about 4,000 feet below its roof; it intrudes pre
Tertiary crystalline rocks, mostly gneisses, although 
some satellitic dikes intrude Eocene rocks. Only the 
southeastern part of the batholith, in the Holden quad
rangle, was studied in detail (see fig. 213.1). In this 
qundrangle the batholith is cut by intnisive breccias and 
is bordered in many places by porphyritic chilled rocks. 
Although such chilled borders have been reported on 
other batholiths, they are rare. The southeasten1 end 
of the batholith cuts off a large graben and plunges be
neath pre-Tertiary gneisses that are pierced by a south
east-trending line of porphyry plugs, irregular breccia 
pipes, and a volcanic neck, all of which are believed to 
rise fron1 an underlying part of the batholith. The vol
canic neck is the only one known to me that can be tied 
with reasonable assurance to a visible batholith. 

In addition to the fact that in places the border rocks 
grade into the main body of the batholith, several lines 
of evidence support the belief that border rocks, plugs, 
and the volcanic neck are consanguineous to the batho
lith: (a) The chemical compositions of the chilled and 
batholithic rocks are closely similar; (b) certain dis
tinguishing mineralogic features are common to all, 
such as sodic labradorite crystals of identical habit that 
characteristically show 1narked oscillatory zoning, and 
grains of quartz that are either etihedral or rounded by 
resorbtion; (c) rocks of the chilled border, plugs, and 
volcanic neck are microscopically identical except for 
the closer packing of phenocrysts in some phases; (d) 
locally the interior rocks of some of the plugs are closely 
similar to the rocks of the main mass of the batholith; 
and (e) the spatial relation suggests that the plugs and 
the volcanic neck rise from the plunging end of the 
batholith. Some of this evidence is discussed at greater 
length below. 

The ma.in body' of the batholith is a granogabbro,
for the constituent minerals are sodic labradorite, 
quartz, orthoclase, hornblende, biotite, and minor 
augite. The labradorite clutracteristically shows 
mn.rked oscilhttory zoning; orthoclase replaces earlier 

formed minerals or is interstitial and normally occurs 
only in the main body of the batholith. The texture 
of the batholithic rocks is typically igneous. . Leuco
cratic granodiorite, a late differentiate, occurs in dikes 
and also as the matrix of intrusive breccias, both of 
which cut the batholith. The contact of the interior 
part of the batholith with the marginal porphyritic 
border rocks is sharp and intrusive in most places but in 
a few it is gradational. 

The border rocks are thickest along the steeply dip
ping eastern contact of the batholith. They consist 
in general of phenocrysts of sodic labradorite, rounded 
or euhedral quartz grains, hornblende, and augite in 
a groundmass of fine-grained andesine, quartz, and 
hornblende. Orthoclase is rare and occurs principally 
as fracture fillings. Locally the groundmass has a 
pilotaxitic texture. 

Three layers of border rocks were mapped, each dif
fering somewhat in megascopic appearance. The outer 
layer is most extensive and not only borders the north
east side of the batholith as far as it has been traced 
but, southeast of Hart Lake, diverges as a prong from 
the batholith. The rock in this layer is mesocratic 
and has a peculiar texture because of close packing of 
the phenocrysts from which most of the matrix appears 
to have been squeezed out while still liquid. The other 
two layers are aphanitic, almost black, and contain 
fewer phenocrysts; the central layer differs from the 
inner layer by possessing a fragmental texture like 
that of a volcanic flow breccia, although all the border 
rocks show a protoclastic texture. The contact of the 
outer layer with the gneissic host rocks is roughly con
formable a.nd sharp ; gneiss adjacent to the contact is 
crumpled and brecciated. The contact between the 
central and outer layer is intrusive, the central layer 
intruding the outer, but as intrusion occurred before 
the outer layer had completely solidified, the contact 
is not everywhere sharp. The contact between the 
central and inner layers is gradational. 

The outer layer of the border zone was evidently in
jected as a dike slightly ahead of the advancing batho
lith, as it diverges from the batholith south of Hart 
Lake, rises to levels higher than the batholithic roof at 
places, and unlike the other layers, nowhere laps over 
the top of the batholith. The central layer and espe
·cially the inner layer are conformable with the side and 
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FIGURE 213.1.-Geologic map of part of the Cloudy Pass batholith and related rocks, Holden quadrangle, Washington. 

roof of the batholith and evidently constitute a chilled 
border that formed during the last stages of advance 
of the batholith. The central layer appears to have 
formed as the chilled but only partly solidified margin 

of the batholith dragged against and mixed with the 
only partly solidified rocks of the outer layer. 

Two types of intrusive breccias are related to the 
batholith. One consists of rounded fragments of the 
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batholithic rocks set in a matrix of leucocratic grano
diorite and is restricted to the batholith. The other 
consists of fragments of both batholithic and gneissic 
wall rocks set in a matrix of mineral grains and finely 
comminuted material. This second type occurs along 
Phelps Ridge as extremely irregular masses and dikes 
in the gneiss and in the porphyry plugs. The intrusive 
breccias seem to have formed after the batholith had 
largely solidified. As the magma crystallized, vapor 
pressures increased to the point where "second boiling" 
occurred, thereby producing the breccias. 

The volcanic neck on Old Gib mountain is several 
miles southeast of the plunging end of the batholith and 
adjacent to tJ1e fault bounding the northeast side of a 
graben. This graben predates the batholith, and the 
bounding fault may have been effective in localizing the 
volcanic neck. The volcanic neck consists of porphy
ritic chilled rocks microscopically identical to the two 
inner layers of batholithic border rocks but is gray 
rnther than black. It contains the same conspicuously 
zoned sodic labradorite as the batholith, and large 

phenocrysts of quartz, many of them rounded by re
sorbtion. Within the volcanic neck is a Pelean spine 
about 800 feet long and 500 feet wide that has a verti
cally fluted slickensided contact with the surounding 
porphyry. Much of the rock in the spine is highly al
tered, some of it to large masses of clay. 

The evidence indicates that the Cloudy Pass batho
lith reached a high level in the earth's crust, and, in Eo 
doing, solved its room problem-to the depths visible 
at least-by lifting the overlying rocks; the batholith 
abruptly cuts off rather than wedges apart the enclos
ing gneiss, and evidence for either stoping or large 
scale granitizing is utterly lacking. Because the batho
lith ascended to levels where volcanic processes became. 
effective, it illustrates well the interrelations that can 
exist between batholiths and volcanic activity. Thanks 
to the fortunate exposure of its upper part, the batho
lith can be classed as unequivocally igneous; yet, if it 
were exposed only at deeper levels, who knows but what 
it might show evidence of other origin. 

214. THE ROLE OF IMPERMEABLE ROCKS IN CONTROLLING ZEOLITIC ALTERATION OF TUFF 

By A. B. GIBBONs, E. N. HINRICHs, and THEODORE BoTINELLY, Denver, Colo. 

Work done in cooperation with the U.S. Atomic Energy Commission 

In the Tippipah Spring NW quadrangle, northern 
Nevada Test Site, in Nye County, Ne'v., relatively im
permeable rocks, namely quartzite, argillite, and dolo
mite of Paleozoic age and a small stock of quartz mon
zonite, unconformably underlie volcanic rocks of the 
Oak Spring formation of Tertiary age. The prevol
canic rocks were folded, faulted, and eroded to a sur
face of high relief before the volcanic rocks were de
posited. 

The Oak Spring formation (Johnson and Hibbard, 
1957, p. 367) is in places as much as 2,200 feet thick. 
It consists chiefly of bedded and nonbedded silicic tuff, 
with some flows of impermeable rhyolite and basalt. 
Some of the nonbedded tuff is firmly welded and rela
tively impermeable. Although the welded tuff is almost 
u.ll vitric, the nonwelded tuffs are of two contrasted 
types, one type being vitric-that is, unaltered-and 
the other zeolitized ( ta.ble 214.1). 

Vitric tuff constitutes most of the upper part of the 
Oak Spring formation, and zeolitic tuff most of the 

5·577.53 0-60--31 

lower part, but the contacts between these kinds of tuff 
cross-bedding planes, and also cross contours ranging 
in altitude from 5,400 to 7,000 feet. Significantly, all 
the nonwelded tuff that directly overlies prevolcanic 
rocks is zeolitic, regardless of which unit of the Oak 
Spring formation it belongs to, and regardless of the 
altitude of the contact. At most localities, moreover, 
tuff that overlies a layer of. welded tuff or rhyolite is 
zeolitic, w~ereas tuff that underlies such a layer is vitric 
(figs. 214.1 and 214.2). 

This preferential zeolitization of tuffs that overlie 
prevolcanic rocks and dense volcanic rocks is presum
ably due to the contrast in permeability between the 
prevolcanic rocks and the dense volcanic rocks on the 
one hand and the poorly consolidated vitric tuff on the 
other. 

The consistent association of the zeolitized tuff with 
relatively impermeable rocks indicates that the zeoliti
zation was caused by solutions migrating aiong the 
contaots of the less permeable rocks. The great influ-
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. TABLE 214.1.-Mine.ral corrvpositj,on, permeabi(ity, and cati&n-exchange capacity of three kjnds of tuff, Tippipah Spring NW quadrangle, 
Nye County, Nev. 1 

.. 

Property Zeolitized tuff Nonwelded vitric tuff Uppermost ·welded tuff 
(figs. 214.1 and 214.2) 

Mineral composition __________ Zeolite 2, cristobalite montmoril- Glass (n= 1.48 to 1.50), phe- Glass, phenocrysts of potas-
lonite, phenocrysts of sani- nocrysts ·of sanidine plagi- sian feldspar, quartz, plagi-

, ' di'Ue, quar'tz, plagioclase, mica, oclase, quartz, ~ica, and oclase, mica, and ir~n oxides. 
' 

., 
·and 'iron oxides. iron oxides. .• 

Permeability (miliida.rcies) _____ 0.072 (0.00076.:.17) 28a ___ ~----- '•82 (15-224) 7 4_ ,:. _ _:-------- _:. 0.33 (0.00092-58}.10. 
Cation-exchange.'s · capacity 90 (25-132) 5------ _----------- 17 (5-50) 11~~-------------- (Not analyzed). ; 

. · (milliequivalents/100 g). .. . ' 

1 Data from Diment and others (1958), except where noted. . , _ 
• 2 Determined by X-ray diffractometer analyses. Fine-grained zeolite with refractive.indices 1.475 to 1.480 and an X-ray powder pattern very sir!lilar to that of heulandite, 

but stable to a higher temperature (about 700° C) than heulandite.' This is probably clinoptilolite; as redefine'd by Mumpton (1960). . 
3 First number is arithmetic mean; range is in brackets; last is number of samples. 
• Water permeability determined by C. H. Roach (1960, written communication). Others are brine permeabilitie~. 
5 Analyses by H. C. Starkey. Ammonium chloride leach for 16 hours. 

FIGURE 214.1.-Geologic section· along U12b tunnel, showing relations of zeolitic tuff to welded tuff ·and prevolcanic rocks. 

ence of permeability is shown by ~he notable rarity of 
alteration in firmly welded tuffs, which are nearly all 
fresh ~ven where the surrounding nonwel~ed tuff is 
completely z~olitized .. Yet the chemical characteristics 

. of the glassy. w~lded tuffs are such that they could be 
'zeolitized in some places-for example in the part of 
the lower welded tuff penetrated by UCRL DR 2 (fig. 

214.1). .The alteration· here. may be tlui result of in
creased permeability due to incomplete welding toward 
the thinned edge of the t~ft · 

The zeolit!zing solution was: probably a· circulating 
fluid rather than a large body of stagnant ground water, 
for the great irregularity of the top of the zeolitized 
tuff'indicates tha-t the alteration was not controlled by 
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the nearly horizontal -tipper surface ·that a body of 
stagnant ground water would have. Masses of zeolite 
tuff overlying impermeable rocks, and masses of un~ 
altered vitric tuff underlying welded tuff and rhyolite, 
suggest alteration by downward-moving water that was 
most active where its movement was impeded by im
permeable rocks. As no evidence has been found. of 
hydrothermal activity in the Oak Spring formation in 
this district, the altering agent was probably meteoric 
water moving in the zone of vadose circulation. 
Ground water evidently still flows along the prevol
canic erosion surface, for every one of.. the six know1~ 
springs in the Tippipah Spring 15-minute quadrangle 
issues from the tuff within about 100 feet of that surface. 

Ground water in the Oak Spring formation is low in 
,dissolved solids, the principal ones being sodium and 
bicarbonate ions and silica ( Clebsch, 1959,' p. 70), and 
is generally mildly alkaline (pH 6 .. 9 to 8.4) (Clebsch, 
1959, p. 72, and written communication) .. "T e believe 
that the zeolitizing solutions were similar to recent 
ground water. This contrasts with the ·vie·w of other 
investigators, who think that strongly alkaline water 
is necessary for the crystallization of zeolites (String
ham, 1952, p. 662). De:ffeyes (1959, P·. 607) suggests, 
however, that the hydrolysis of volcanic glass makes 
the water in contact with the glass sufficiently alkaline 
to cause· precipitation of zeolites. His idea is extrap-

ola.ted from experimental evidence obtained by Hove
stadt (1902), but is supported by the discovery of au
thigenic zeolites in volcanic sediment from deep-sea 
cores (Arrhenius and Goldberg, 1955, p. 226) ; these 
zeolites luive crystallized below room temperature in 
sea water \vhich is only mildly alkaline (pH 7.5 to 

· 8.4, Rankama .~tncl S~thama, 1950, p. 291). 
In summary, we believe that the vitric tuff was 

probably zeolitized by percolating meteoric water of 
mild alkalinity at near-surfac~ temperatures, and that 
t~1e confining effect of im·permeable layers of welded 
tuff and rhyolite and of the impermeable prevolcanic 
rocks helped to make the alteration especially intense 
in tuff overlying such roc,ks. Just when the alteration 
took place is uncertain, but it was after deposition of 
the. tuff and before most of the· 1~ormal faulting that 
affected the Oak Spring formation. 
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ANALYTICAL AND PETROGRAPHIC METHODS 

215. DETERMINATION OF TOTAL IRON IN CHROMITE AND CHROME ORE 

By JosEPH I. DINNIN, Washington, D.C. 

The iron content of chromite and chrome ore is im
portant to both the geologist and the industrial metal
lurgist. The variation of the Cr/Fe ratio in chromite 
from different localities can aid in the study of the geo
chemistry of chromite, and it can also provide a clue 
t9 the genesis of the deposit from which the sample 
came. The Cr /Fe ratio in an ore deposit has a dollar 
and cents meaning, for it helps to determine whether 
the ore will, meet specifications for chemical, metal
lurgical, or refractory grades. 

The common procedures for determining this ratio 
have been described by Hartford (1953). Chromite is 
almost invariably fused with sodium peroxide, leached 
with hot water, and boiled, and the ferric hydroxide 
is filtered out and washed with hot water. The iron 
is then dissolved with acid, reduced with stannous 
chloride, and titrated with a standard oxidizing agent. 
This separation of iron hydroxide is important, be
cause a high concentration of the deep-green chromic 
ion would obscure the disappearance of the yellow fer
ric chloride color which occurs when stannous chloride 
is added. 

Losses of iron may occur at several stages. The hot 
alkaline leaching solution and the hot wash water pep
tize a measurable amount of iron. Some ferric hy
droxide adheres to the walls of the crucible and may 
not be completely removed by policing. Some iron al
loys with the metal crucible, and no special provision 
is made to recover it. 

The two most common methods of decomposing chro
mite are fusion with sodium peroxide and digestion 
with hot concentrated perchloric acid. Both methods 
oxidize chromium to the sexivalent state, and if the 
solutions are to be'reduced with a silver reductor and 
no provision is made for prior reduction of chromium 
an inordinate amount of silver would be required. The 
silver reductor can be used directly, however, if a mix
ture of phosphoric· and sulfuric acid is used as the dis
solving agent. The amount of silver reduced varies 
only with the amount of iron.in solution, and the chro
mium is not oxidized; it is therefore unnecessary to 
separate the chromium, and the major source of error 
in the usual procedure is thus avoided. 

EQUIPMENT AND REAGENTS FOR SILVER REDUCTOR 
METHOD 

Silver reductor: The construction and use of the reductor are 
described by Kolthoff and Belcher (1957, p. 12-16). 

Acid mixture : Equal volumes of concentrated phosphoric and 
sulfuric acids. 

Sodium chloride solution: 20 percent ( w /v). 
Hydrochloric acid wash solution: 1 N. 
Sodium diphenylaminesulfonate indicatoF solution: 0.02 percent 

(w/v). 
Standard potassium dichromate solution: 0.1000 N. 

PROCEDURE 

1. Transfer 0.5000 g chromite or chrome ore sample to a 125-ml 
Erlenmeyer flask. 

2. Add 25 ml of the acid mixture and swirl until the sample is 
completely wetted. 

3. Cover with a watch glass and heat the mixture on a hot 
plate or a flame ( 200° to 300° C) until the sample is com
pletely dissolved. 

4. Allow the solution to cool to about. 50° C and dilute with 
approximately 75 ml water. 

5. Add 5 ml sodium chloride solution. 
6. Pass the cooled solution (20° to 50° C) through the reductor. 
7. Rinse the flask with hydrochloric acid solution and wash the 

column by passing through it 5 increments containing 25 
ml each of the HOI wash solution. 

8. Add 2 ml indicator solution. 
9. Titrate immediately with standard dichromate solution to 

the distinct purple-blue end point. 
10. Calculation of percent Fe: 

Percent Fe=ml dichromate X 
0.005585 X 100 

0.5000 

ACCURACY AND PRECISION 

An estimate of the accuracy of the method was ob
tained by analyzing the metallurgical chrome ore 
standard (Hartford, 1953) and the National Bureau of 
Standards Standard Sample No. 103, chrome refrac
tory. Determinations performed over a period of 
several months, using several reductor columns, were 
in excellent agreement with the certificate values. 

A measure of the precision of the method was ob
tained by repeated analysis of a laboratory substandard. 
The iron content of the sample was determined 17 times 
during a period of three months, using several reductor 
columns. The average iron content was found to be 

\.. 
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TABLE 215.1.-Pe1·cmltage ot iron in 14 ·samples of chrome ore the iron percentage of 14 samples of chrome ore, (a) 

Conventional method I Colo•Jmctde 
l<'e(Ollh sepnmtlon (orthophen-

Silver reductor Sample anthrollne) 

(Dinnin, 1959) 

1 12. 43, 12. 99 13. 3 1& 3~ l& 2~ 1& 20 
2 10. 62, 10. 61 10. 9 10. 84, 10. 92, 10. 81 
:3 19. 26 19. 4 19. 39, 19. 38, 19. 43 
4 12. 69, 12. 93 13. 1 12. 93, 12. 81, 12. 81 
5 12. 46 12. 9 12. 64, 12. 59, 12. 66 
6 19. 21, 19. 22 19. 3 19. 44, 19. 50 
7 20. 09, 20. 33, 20. 15 20. 3 20. 50, 20. 46,20. 50 
8 15. 36 15. 4 15. 47, 15. 49 
9 13. 38, 13. 52, 13. 48 13. 6 13. 65, 13. 66· 

10 19. 19 19. 3 19. 46, 19. 50 
11 15. 31, 15. 41 15. 7 15. 59, 15. 65, 15. 60 
12 20. 26, 20. 31 20. 4 20. 39, 20. 50, 20. 50 
13 19. 30 19. 8 1~. 67, 19. 67, 19. 75 
14 15. 44, 15. 48 15. 6 15. 54, 15. 49, 15, 54 

14.10 percent, the standard deviation 0.06, and the co
efficient of variation 0.4 percent. 

An idea of what can be done by routine use of this 
1nethod may be obtained from table 215.1. This gives 

as ~etermined by several commercial laboratories using 
conventional methods, (b) as previously determined 
colorimetrically in this laboratory, and (c) as de
termined by means of the silver reductor. 

The results obtained by the proposed method, and 
also by the colorimetric method, are consistently a 
little higher than those obtained by the conventional 
method (table 215.1). This difference was to be ex
pected because of the separation involved in the con
ventional method. 

The precision offered by the silver reductor method 
and its relative ease of manipulation should make it 
attractive to those concerned with analysis of either 
minerals or ores containing chromium. 
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216. DETERMINATION OF ZINC IN BASALTS AND OTHER ROCKS 

L. F. RAm'!R, W. C. SwADLEY, H. H. LIPP, and CLAUDE HUFFMAN, JR., Denver, Colo., Washington, D.C., 
Denver, Colo., and Denver, Colo. 

Zinc is one of the trace metals in silicate rocks for 
which only very limited data have been published. 
Particularly lacking are reliable determinations of. zinc 
in rocks that have also been analyzed for major 
elements. 

Sandell and Goldich (1943) have reported determina
tions of minor elements, including zinc determined by 
the dithizone method (Sandell, 1937), in 29 acidic and 
25 basic rocks. Their results are almost the only chemi
cal data for zinc reported in the literature for 30 years 
or more, and are widely quoted in reference texts (Gold
schmidt, 1954, p. 261). Spectrographic data for zinc 
in silicate rocks are conspicuously lacking in the litera
ture, owing in part at least to the volatility of zinc and 
its lack of spectographic sensitivity. The work of 
Lundegardh ( 1948) and Wedepohl ( 1953), both of 
whom used special techniques to enhance the sensitivity 
of their spectrographic methods for determination of 

zinc, are exceptions. Without special techniques the 
lower limit of detection for zinc by the spectrographic 
procedures now in general use is about 200 ppm ( 0.02 
percent) . Zinc has been. determined chemically in the 
range below 200 ppm to a limited extent, as one of sev
e~al trace metal~ looked for in the field by means of 
geochemical prospecting methods (Lakin and others, 
1952). These methods, how~ver, are only semiquantita
tive, and are intended primarily for rapidly scanning 
large numbers of samples while seeking anomalous 
are·as. 

A highly sensitive and precise chemical method for 
the determination of 'zinc combines selected features 
of several published procedures and has been thor
oughly teste~ and adapted to the determination of trace 
amounts of zinc. This procedure is particularly de
signed to determine zinc even in rocks containing 10 
to 20 percent of iron and containing many other ele-



B478 GEOLOGICAL SURVEY RESEARCH 1960-SHORT PAPERS IN THE GEOLOGICAL SCIENCES 

TABLE 216.1.-Pt~ecision of the zinc determination, showing freedom from interference by selected elements in different 
materials 

The standard deviations for the 3 ·sets of samples respectively . are 
0.0005, 0.0002, and 0.0003 percent zinc. 

Zinc was determined by C. Huffman and H. Lipp ; semiquantitative 
spectrographic analyses on Klondike Ridge samples by J~ C. Hamii-

· Sample 
Zinc, percent by method described 

Runl Run2 Run3 Fe 

ton; quantitative spectrographic analyses on G-1 and W-1 are 
averages from Ahrens and l\:1. Fleischer (written communication) ; 
shale analyses are averages of chemical and quantitative specto
graphic analyses from Rader and F. S. Grimaldi (unpublished data). 

Other elements, percent 

Mn Cu Pb Ti 

Co~glomerates, Klondike Ridge, San Miguel County, Colo. 

258712 0. 0056 0. 0056 0. 0060 1.5 0.07 7. 0 0~015 0.03 
258724 . OP68 . 0058 ------------ 1.5 7. 0 . 07 . 15 . 00 7 
258719 . 0033 . 0040 ~ 0037 .7 .7 .3 . 07 . 07 
258721 . 0021 . 0029 ------------ .7 . 15 7. 0 .3 . 15 
258711 . 015 ... 016 . 015 .3 . 15 1.5 . 007 . 03' 
258713 . 016 . 015 . 015 .3 . 007 1.5 . 003 . 07 
258716 . 018 ' . 018 . 019 .3 7. 0 .3 . 15 . 00 7 
258723 . 010 . 010 ------------ .3 . 07 3. 0 . 0015 • 07 

Granite G-1 and diabase W-1 

G-1 0. 0041 0.0039 0. 0042 1.4 
'·W-1 . 0076 . 0080 . 0078 7. 8 

0. 021 0. 0013 
. 13 . 011 

0. 005· 
. 0005 

0. 1' 4 
4 . 7 

Pierre shale 

259528 0.0059 0.0059 ------------
259533 . 018 . 017 ------------
259537 . 0026 . 0031 ------------
259539 . 012 . 014 ------------
259546 . 017 . 018 ------------
259548 . 030 . 029 ------------
259549 . 010 . 0094 ------------
259563 . 0031 . 0037 ------------
259592 . 016 . 016 -----------·· 
259594 . 012 . 012 ------------

ments in amounts that interfere with the determination 
of zinc by other methods~ 

The principles of the method are as follows: Zinc 
in a 1.2 M solution of hydrochloric acid, \vhen passed 
through an ion-exchange column containing anion
exchange resin in. the chloride form, is absorbed on the 
resin (l{raus and Moore, 1953). The only other metals 
absorbed under these conditions are lead, six-valent 
molybdenum, and varying but small portions ·of ura
nium, three-valent iron, and cadmium (Kraus and Nel
son, 1955). All other metals in solution at this acidity 
pass through the column and are. discarded if conditions 
are optimum. The zinc is removed from the resin by 
passing ·45 ml of 0.01 M hydrochloric acid through the 
column. Cadmium, if present, 1s not removed under 
these conditions, but trace amounts of other metals may 
accompany the zinc. Zinc is precipitated with sodium 
diethyldithiocarbamate at a pH of 8.5, and the pre-

1.5 0. 43 0. 0020 
2. 9 3. 5 . 0033 
3. 1 . 020 . 0005 
3. 0 . 029 . 0027 
3. 9 . 039 . 0038 
2. 3 . 025 . 0040 

11. 1 . 016 . 0071 
1.9 . 008 . 0071 
4. 5 . 012 . 0041 
2. 9 . 017 . 0027 

0. 0016 
. 0015 
. 0030 
. 0027 
. 0027 
. 0031 
. 0036 
. 0018 
. 0025 
. 0023 

0. 1 
.2 
. 1 
.2 
.3 

5 
0 
5 
5 
8 
4 
7 
4 

.1 

.2 

.4 

. 41 

.4 2 

cipitate extracted into chloroform (Stewart and Bart
let, 1958). The zinc is then stripped from the cl~lor9-
form w!th 0.16 M hydrochloric acid, and after adjusting 
the pH of the solution to 9.0 it is determined directly 
with zincon ( 2-carboxy -2-hydroxy -5-sulformazy lben
zene) (Rush and Yoe, 1954). The absorbance of the 
color complex is determined. spectrophotometrically at 
620 mp.. A reagent blank correction, including all acids 
and solutions added to the samples, must be determined 
with each suite of samples. 

Zinc recoveries and separations were checked during 
development of the method by radiometric tracer 
methods employing the radioactive isotopes Zn65 ai1d 
Cdu5 • 

Z~nc determinations were made on highly mineralized 
sedimentary sandstones and conglomerates from !{Ion
dike Ridge, near Gypsum Valley, Colorado, on the 
granite G-1 and the diabase 'V-1, and on Pierre shale 
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]!.,mum~ 216.1.-Ratio of zinc to total iron, calculated as F~Oa, in basalts from six different areas in the United States. 

(table 216.1). Replicate determinations for zinc 1nade 
at different times are shown in the table opposite re
sults obtained by others for Fe, Mn, Cu, Pb, and Ti, in 
order to show the relative degree of mineralization that 
might infiuence the zinc determination. No interference 
with the zinc determination was found in these samples, 
which contain up to 11 percent Fe, 7 percent Mn, 7 per-

cent Cu, 0.3 percent Ph, and 0.7 perc·ent Ti. The 
standard deviations of the method for three different 
types of rock calculated from the d~),ta in table 216.1 
(Dixon and ~1assey, 1951, p. 239) were found to be 
0.005 percent zinc for the sandstones and conglom
erates, 0.0002 percent zinc for the granite and diabase, 
and 0.0003 percent zinc for the shale. 
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Table 216.2 gives the average zinc content and range 
of zinc concentration in 25 basalts and 7 olivine basalts 
from the Snake River area in Idaho, in 16 basalts and 
18 olivine basalts from the Island of Hawaii in the 
Hawaiian Islands, in 21 basalts and 10 diabases from 
central Connecticut, in 4 basalts a.nd 10 olivine basalts 
from the Jemez Mountains area about 50 miles west 
of Santa Fe in north central New Mexico, in 6 basalts, 
10 olivine basalts, 11 andesites, and 1 dacite from the 
Mount Hood area in Oregon, and in 20 basalts from 
the Mount Lassen area in California. ·The standard 
deviation for the zinc determinations on these rocks, 
based on 68 replicated determinations made at diff~rent 
times, was 0.0006 percent zinc. 

TABLE 216.2.-Range and average zino content for 159 basalts 
and related rocks from sia: areas 

[The standard deviation of the analyses, based on 68 replicated determinations, is 
0.00062 percent zinc] 

Snake River area, Idaho. __________________ _ 
Island of Hawaii, Hawaii. _________________ _ 
Connecticut_ ______________________________ _ 

Jemez Mountains area, New Mexico ... : .... 
Mt. Hood area, Oregon ____________________ _ 
Mt. Lassen area, California ________________ _ 

Total. ______________________ c ________ _ 

No. of 
samples 

32 
34 
31 
14 
28 
20 

----
159 

Zinc content, percent 

Average Range 

0. 014 0.0093 to 0.018 
.010 .0089 to .012 
.0090 .0064 to .012 
. 0084 .oo68 to .010 
. 0080 .0048 to .012 
. 0072 .0057 to .0089 

----------
0. 0094 0.0048 to 0.018 

Plots of zinc against the major oxides were used to 
determine general relationships between zinc and the 
major elements of the basalts. Only the plot of zinc 
against total iron (expressed as Fe20 3 ) showed a 
significant relationship that is of interest with regard 

to the geochemistry of zinc. This plot is shown as 
figure 216.1. It will be seen that 90 percent of the 
points plotted in figure 216.1 fall within a narrow 
band. This indicates that for a given value of total 
iron, the amount of zinc in the sample is given by the 
diagram to within -+-15 ppm zinc. 
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217. COMPARISON OF THREE METHODS FOR THE DETERMINATION OF TOTAL AND ORGANIC CARBON IN 
GEOCHEMICAL STUDIES 

By I. C. FRosT, Denver, Colo. 

The determination of the organic matter in sedi
mentary rocks and any associated ores presents some 
challenging and difficult analytical problems. Not only 
is the organic matter itself chemically complex and 
intimately associated with inorganic minerals, but 
further difficulties arise from the presence of carbon, 
hydrogen, oxygen, nitrogen, and sulfur in both organic 
and inorganic compounds. For these reasons a satis-

factory separation into organic and inorganic frac
tions is difficult or impossible. It is much easier to 
determine organic carbon rather than organic matter. 
Organic carbon, the most abundant element of organic 
matter, is determined directly on carbonate-free sam
ples, and by the difference between total and mineral 
carbon on samples that contain carbonates. Three 
different analytical methods, adapted from published 
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procedures, are used routinely. Table 217.1 compares 
for these methods the time required for a determina
tion, sa.mple-size limitations, and the precision obtained 
with vn,rious proportions of orgn,nic carbon. Choice of 
method to be used is based on a visual examination of 
the sample. During the past five years these methods 
have been applied to several hundred rock samples in 
which organic carbon content ranged from nearly zero 
to nea.rly 100 percent. 

'l'Anu 211.1.-0omparison of relative time per analysis, sample 
s·ize limitation-s, an(Z precision. for vario•u.s proportions of 
organic cwrbon 

Method 

-------------- -------·-------
Relative time per determination. _______ Slow-------- Rapid------- Intermediate. 
Analyses per day _______________________ 2-3 10 5-6 

Sample size, grams.-------------------- 0.0050-2.0 ..•. 0.0050-0.40 ... 2.0-10.0. 
Precision (H.angc of percent C): 

30-100.----------------------------- ::!:0.34.-- ---- ::!:0. 74.------ --------------
0.25-4.00____________________________ ::!:0.018.--- -- ::!:0.033.- ---- ±0.034. 

<O.O .• ------. --·-- ••• ---.----------- . ----.-------- -- .• ---------- ±0.035. 

METHOD 1 

Tube-furnace coinbustion with gravimetric deter
mination of evolved carbon dioxide has been described 
in detl1il by Pregl (1937). This method is best suited 
to organic substances, but it can be applied to rocks· 
and soils. Samples containing carbonate minerals are 
generally anaJyzed with the addition of a flux, such as 
vanadium pentoxide or potassium dichromate, to in
sure complete removal of carbonate minerals and 
promote oxidation of the organic carbon. Carbon 
in minerals and total cn,rbon must be determined sep
arately; the difference between thein is the organic 
carbon. Additional apparatus is required for deter
mining minet·al carbon. Samples containing metal 
sulfides require frequent changing of the reagents used 
for removing sulfur, but a preliminary acid treatment 
can be used for removing carbonate minerals as well as 
sulfides. Method 1 is recommended for control pur
poses. 

METHOD 2 

Gasometric method. Parr (1904) determined total 
carbon in coni and soil by a modification of a volu
metric method commonly used to determine mineral 
carbon. I:Te oxidized organic carbon to alkali carbon
nte by fusion with sodium peroxide in a closed bomb. 
In the Survey la.boratory this method has been ex
panded and adapted to the determination of organic 
carbon in amounts of 0.2 percent. or more in a wide 
variety of rocks. Samples containing more than 30 
percent organic carbon are easily oxidized, but those 

containing less generally require addition of a combus
tion aid such as powdered aluminum or magnesium to 
provide the heat necessary for insuring complete oxi-

. dation of the carbon. Total or organic carbon can 
be determined about 5 times as rapidly by this method 
as by method 1. Carbon in cn,rbonate minerals, when 
it is present in amounts greater than 0.01 percent is 
determined separately and the organic carbon calcu
lated as the difference between it and total carbon. 
Mineral sulfides, if present, are oxidized to sulfates and 
cause no interference. The apparatus used is relatively 
inexpensive, and it may also be used for the measure
ment of carbon dioxide in carbonate minerals. As only 
a small sample (0.4 gram or less) can be oxidized in a 
micro-bomb, and as sodium peroxide tends to absorb 
carbon dioxide from the air with the resulting reagent 
blank correction, this method is suitable only for sam
ples containing more than 0.2 percent organic carbon. 
The method has been used extensively since 1956 to 
determine organic carbon in samples collected for 
uranium investigations in the Ambrosia Lake area and 
for investigating the Pierre shale. 

Table 217.2 gives analytical values determined by 
methods 1 and 2 for 10 samples of carbonaceous shale 
containing 28. to 80 percent total carbon. Standard 
deviation of replicate determinations for method 1 is 
+0.34 percent carbon and for method 2 is 0.7 4 percent. 
The deviation between the mean values obtained by 
the two methods is 0.67 percent carbon. Standard de-

TABLE 211.2.-0omparison. of total carbon of ocvrbonaceotts .shales 
determ.dned by tube-furnace combttstion and uasometric 
methods 

[Replicate determinations by each method] 

Sample 

7 ______________ _ 
g ______________ _ 
1 ______________ _ 
3 ______________ _ 
10 _____________ _ 

2 ____ ----- ------
5 _____________ _ 
g ______________ _ 
6 ______________ _ 
4 ______________ _ 

Total carbon, percent 

Method 1 (tube-furnace 
combustion) 

28. 68 
59. 87 
64. 32 
67. 74 
67. 83 
72. 04 
73. 46 
78. 97 
80. 71 
80. 40 

28. 56 
60. 90 
64. 49 
67. 61 
68.29 
72.28 
73. 04 
78.99 
79. 95 
80. 75 

Standard deviation I 

0. 34 

Method 2 (ga.sometric) 

27. 7 
60. 6 
63. 4 
65. 9 
68.0 
73. 1 
73. 5 
79. 4 
80. 7 
80. 5 

0. 74 

28. 2 
58. 8 
64. 5 
65. 5 
66.9 
73. 1 
73. 5 
81. 1 
82. 1 
80. 4 

1 Standard deviation between mean values of Method 1 and Method 2 is 0.67. 
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viations were estimated by the scheme given by Y ouden 
( 1951) for paired values. 

],\IETHOD 3 

Modified combustion. Studies have recently. been 
made of combustion techniques applied to large samples 
( 5 grams or more), carbon dioxide being absorbed in 
a solution of barium hydroxide. The excess barium 
hydroxide is titrated with standard hydrochloric acid, 
using phenolphthalein as the indicator. The barium 
hydroxide ·concentration ·and the· titration procedure 
are given by Lundell, Hoffman, and Bright ( 1931, p. 
172-174). The simplicity of this titration and its good 
sensitivity lowers the minimum of determinable organic 
carbon from the 0.2 percent measurable by the gaso
metric method to 0.03 percent. Carbonate minerals, 
sulfides, and most of the silicate and clay minerals are 
removed by chemical treatment before combustion. 
Five-gram samples are digested overnight with hydro
fluoric acid 'in a plastic centrifuge tube, and then for 6 
hours with cold 15 percent nitric· acid. After each 
digestion the sampl_e is centrifuged and the clear ·solu
tion removed by suction. Each digestion is made in 
two cycles. No significant loss of organic carbon· is 
apparent from the data given in table 217.3. The values 
obtained by method 2 on untreated samples agree, with
in the limits of error of the methods, with those 
obtained by method 3 on acid~treated samples. The 
insoluble residue is washed free of acid, dried at a 
temperature of 65° C, and transferred to a combustion 
boat. The last traces of sample are scrubbed from the 
centrifuge tube into a Selas porcelain crucible having 
a ceramic disk bottom of fine porosity. After drying, 
the crucible is placed in the tube of the furnace with the 
combustion boat. Combustion for eight minutes, with 
an oxygen flow of approximately 1000 cubic centimeters 
per minute and a furnace temperature of 900°C, usually 
causes the sample to become completely oxidized. 

The 42 samples selected for comparing method 2 with 
method 3 were collected for the Pierre shale in vestiga
tions. Their organic carbon, as determined by method 
2, ranged downward from 0.6 percent; for 15 of them it 
could only be reported as less than 0.2 percent (table 
217.3). Replicate determinations by method 3 on 16 
Pierre shale samples, with a mean value of 0.33 percent, 
gave a standard deviation of 0.034 percent carbon. 

Five standard synthetic samples, containing 0.25, 
0.50, 1.00, 2.00, and 4.00 percent organic carbon were 
also prepared by thoroughly mixing weighed amounts 
of sodium oxalate and reagent-grade silica flour. Total 
carbon determinations ·were made in duplicate by 
methods 1 and 2, and also by method 3 with the omission 
of the acid treatment, as the samples contained no car-

TABLE 217.3.-Comparison of organic carbon of Pierre shale de
termined by the gasometric and the modified combustion method 

[Sixteen replicate determinations by method 3 give a standard deviation of ±0.034 
. . percent carbon] 

·Sample 

528 __________ _ 

529~----------
530 __________ _ 

53 L ____ - - ~ __ _ 
533 ________ ~--

534 __________ _ 

53 5---- - - - - - - -
536 ______ -----
537 __________ _ 

538 ______ -----

539 __________ _ 
540 __________ _ 
541_ _________ _ 

542_----------
544 __________ _ 

546 __________ _ 
548 __________ _ 

550-'----------
551_ _____ -----
552 __________ _ 

554 __________ .:. 
557 __________ _ 
559 __________ _ 
565 __________ _ 
566 __________ _ 

567~----------
572 __________ _ 
575 __________ _ 
576 __________ _ 
577 __________ _ 

580 __________ _ 

58 L ____ --- __ _ 
583 __________ _ 
584 __________ _ 
586 __________ _ 

588_-------- -.-
589 __________ _ 
593 __________ _ 
597 _____ :_ ____ _ 

598_----------

600- - -.- - - - - - - -
605 __________ _ 

Organic carbon, percent 

Methorl2 
(gasometric) 

0. 2 
.5 
.4 
.4 
.6 

.2 

.4 

.4 
<.2 

.3 

<· 2 
.2 

<.2 
<· 2 
<.2 

.4 
<· 2 
<· 2 

.2 

.5 

<· 2 
<· 2 

.3 

.2 

.3 

<. 2 

<· 2 
.6 
.4 
.5 

.2 

.4 

.3 

.4 

.4 

<.2 
.5 

<· 2 
.5 

<. 2 

<· 2 
.4 

Method 3 (modified) combustion 

0. 11 
. 46 
. 48 
. 39 
. 57 

. 23 

. 43 

. 23 

. 07 

. 40 

12 
. 28 
. 05 

16 
. 08 

. 37 

. 05 

. 24 

. 30 

. 53 

. 05 
10 

. 21 

. 25 

. 36 

. 03 

. 04 

. 55 

. 54 

. 65 

. 32 

. 78 
18 

. 41 

. 36 

. 05 

. 58 

. 02 

. 60 

. 23 

. 27 

. 38 

0. 16 

. 62 

. 24 

. 04 

. 42 

. 22 

. 03 

. 45 

. 04 

. 51 

. 02 

. 67 

.71 

. 67 

. 26 

. 36 

bonates or sulfides. The results are given in table 217.4. 
The standard deviations are 0.018 for method 1, 0.033 
for method 2, and 0.035 for method 3. As with samples 
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~t:'Anr.••: 21.7.4.-0otnpa;ri:wn ot total ca.rbon (letm·m;incd by tht·ee 
. tncthod.y ·in 8Jtnthetlc 8Ct.nl.ple8 
IHeplicate determinations by each method] 

~l'heoretical 

~l'otnl carbon, percent 

M'ethod I Method 2 
(tuhefurnacc (gasometric) 
combustion) 

Method 3 
(modified 

combustion) 
-------·-------------·1----- ------ -----
0.25 ••• -·-···········-------------------- 0. 27 0. 26 0. 22 0. 20 0. 23 0. 22 

0.50 ____ ---------- ·-- --------.-------.-.- . 53 . 53 .44 .51 .50 . 47 

1.00 •• ___ -------------------- ·--. -------- I. 02 1. 02 1. 00 . 96 . 9.'\ . 98 

2.00 _____ -----------------------.-------- 2. 07 2. 03 1. 97 2.02 2. 05 1. 96 
4 .oo ____________________ -------- _: -·- ----- 3. 97 4. 01 4. 02 3. 98 4.00 4. 05 

Standard deviution 

S;.ndonl d~vlotton _____ . _ --------------1 . 0. 018 0.033 0. 035 

of higher total mtrbon content, method 1 is n1ost pre
cise. Stand;trd deviations were calculated according 
to the method. for duplicate determinations given by 
Youden (1951, p. 17). 

On a routine basis, .samples submitted for the· .de
termination of organic carbon are first ranked visually; 
those estimated to contain more than 0.5 percent organic 
carbon are then analyzed by method 2 and those esti
mated to contain less than 0.5 percent by method 3. 
Visual est.imation is not always reliable, however, be
cause sulfides of iron, vanadium, a1~d molybdenmn, and 

. possibly other minerals, may be mistaken for organic 
carbon. · · 

REFERENCES 

Lundell, G. E. F., Hoffman, .J: I., and Bright, H. A., 1931, Chemi
cal analysis of ii·on and steel: New York, .John Wiley and 
Sons; 641 p. 

Parr, S. "\V., 1904, Determinations of total carbon in· coal and 
soil: Am. Ohem. Soc. Jour;, v. 26, p. 294-297. 

Pregl, F., 1937, Quantitative organic micro'Unalysis: Phila
delphia, Pa., P. Blackston's Sons. 

Youden, ,V. J., 1951, Statistica,l methods for chemists: New 
York, John Wiley and Sons, 126 p. 

·~ 

218. THE DETERMINATION OF LEAD IN IRON-.BEARING MATERIALS 

By JESSE J. WARR and FRANK CurrrTTA, Washington, D.C~ 

Wo1·k done in ooopm·ation with the U.S. A~omio Energy Oommi8sion 

l\1ethods :for the spectrophotometric determination of 
lend with dithizone as· stimmarized by Sandell (1959) 
show that the dithizonate of lead is accompanied by 
dithizonates of thallium, stannous tin, and bismuth, 
and that the lead va.lue obtained by these methods is 
in error to an extent equivalent to the amount of tin, 
bismuth, or thallium present. These errors would be 
refiected in calculations of geologic age. 

This paper describes a method· by which trace 
amounts o:f lead can be detennin~d in iron-bearing· ma
terials. The procedure eliminates any increase.of lead 
values due to thallium or tin, and most of that due to 
bismuth. It also provides a means for the total re
moval of large amounts of iron, which interfere in the 
extraction oJ lead with dithizone. 

T'his work was undertaken to supplement or modify 
existing procedures for the separation and determina
tion o:f le:tcl with dithizone in iron-bearing materials 
such as limonite and steel (Sandell, 1'959). · 

The method utilizes extraction of cupferrates (Fur
man and others, 1949) as a preliminary separation of 

interfering metallic ions. Ferric irou, copper, bis
muth, tha.llium (III), and tin are removed fron1 a 
1: 9 HCl solution by extraction with chloroform using 
excess cupferi'on. Lead is not precipitated as the cup
ferrate from acidities as low as 0.5N (Pinkus and 
Belche, 1927) and is insoluble in organic solvents 
(Ba.u¢lisch and Furst, 1917). The excess of cupferron 
is largely removed from the aqueous la,yer by extrac
tion with chloroform. 

The acidity of the remaining aqueous phase is ad
justed to l.5N HCI and the lead separated from Tl (I) 
by extraction with a 1 percent solution of diethyl
ammonium-diethyldithiocarbamate in chloroform 
(M:~ynes and l\icBryde, 1957). After evaporation of 
the lead-bearing extracts and subsequent destructiop of 
organic matter by wet-ashing with HN03-HCl04 mix
ture, the lead is further isolated with dithizone and 
then determined spectrophotometrically as the dithi
zonate as described by Sandell ( 1959). Standa,rd cali
bration curves, used in the spectrophotometric deter
mination of lead and prepared directly from pure 
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solutions, agree with those obtained when known quan
tities of lead are carried through the cupferron
carbamate steps. 

In the course of obtaining these data, the following 
additional observations were made: 

1. Multiple extractions with cupferron in chloroform 
are necessary in order to remove about 95 percent 
of the bismuth when small amounts ( <500 micro
grams) are present. 

2. When deemed practicable, the lead-dithizone de
termination can be made directly on a solution that 
has undergone a cupferron separation, followed 
by a chloroform extraction of the excess cup
ferron. 

3. Our data confirm the usefulness· of methy I isobutyl 
ketone (hexone) as an extractant for Fe(III) 
from 6N HOI (Specker and Doll, 1958) . Only 
one extraction can be made; any attempt to make 
a second produces an emulsion. 

4. Our data also confirm .the results of Maynes and Mc
Bryde (1957), who found that Fe(III), Ou, and 
Bi can be extracted and separated from Ph in 6N 
HOI with a chloroform solution of carbamate. 

PROCEDURE 

1. Preparation of solutiO'fi..Y and elimination of inter
ferences.-A sample containing approximately 15 
micrograms of lead is weighed into a 150-ml Teflon 
beaker. (Platinum is not used because of the solvent 
action of ferric iron in strong HOI and of aqua regia.) 
Ten milliliters of aqua regia and 5 ml of HF are added. 
The beaker is covered with a Teflon cover and left for 
1 Y2 hours on the steam bath. The cover is removed and 
the solution is evaporated to dryness. The salts are 
converted to chlorides by evaporation to dryness several 
times with HOI. Twenty-five milliliters of 1N HOl are 
added and the covered solution is heated on the steam 
bath until all the chloride salts are dissolved. The 
beaker is placed in a refrigerator and chilled to 5°-
100 c. 

The chilled solution is transferred to a 125-ml separa
tory funnel. Two rinsings of the beaker are made, the 
first with approximately 0.5 gram of cupferron and 
10 ml of chilled chloroform, and the second with 10 ml 
of chilled chloroform. Both rinses are added to the 
contents of the separatory funnel. The funnel is then 
shaken for 2 minutes and the layers allowed to separate. 
The lower layer is drained off and discarded. Small 

quantities ( < 5 ml) of chloroform are added to the 
aqueous layer. This is shaken, and drained off until 
the aqueous phase becomes colorless. 

The acidity of the aqueous phase is then increased 
from 1N HOI to approximately 1.5N HOI by adding 
3 ml of 6N HCI. Ten milliliters of 1 percent diethyl
ammonium-diethyldithiocarbamate in OH013 is added 
and the solution is shaken for 1 minute. The lower 
carbamate layer is then transferred to a 50-ml beaker. 
A second carbamate extract is made with a fresh 10-ml 
portion and this is combined with the first extract. 
The beaker is placed on a steam bath and the lead 
carbamate solution is evaporated nearly to dryness. 
The organic matter is destroyed by wet ashing with 
3 ml concentrated HN03 and 0.5 ml H0104, the acids 
being added cautiously to prevent spattering. The so
lution is evaporated to dryness on a hot plate to remove 
oxides of nitrogen and excess perchlorates. One milli
liter of ( 1 + 1) .HNOa and 5 ml of water are added and 
brought to a boil to dissolve salts. 

The solution is cooled and filtered into a separatory 
funnel through glass wool tightly packed in the stem 
of a small funnel. The beaker is rinsed several times 
with 1:99 HN03 , and the rinse solutions are filtered 
into the separatory funnel. The resulting volume of 
the filtrate and rinsings is about 2l} ml. 

2. Spectrophoto'l1U3t'fic determination.-The lead is 
then determined by the dithizone procedure as described 
by Sandell -(1959), using chloroform as the solvent. 
The samples, reagent blanks, and lead standards used 
in the preparation of the standard spectrophotometric 
curve are carried through the procedure simultaneously. 
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219. DETERMINATION OF LEAD IN PYRITES 

By FRANK CunrTrA and JEsSE J. WARR, Washington, D.C. 

Work done in cooperation with tl"e U.S. A.tomio Energy Commission 

METHOD 

Some geochronological studies require the determina
tion of traces of lead in pyrite. This paper describes 
a method for the separation and purification of pyritic 
lead for chemical or mass spectrometric analysis. The . 
chemical determination is made by means of the lead
dithizone mixed-color system. 

The dithizone data summarized by. Sandell (1959) 
show that iron is a major interference, and that lead 
dithjzonate is accompanied by dithizonates of Tl(I), 
Sn(II), and Bi(III), which cause the lead values 
found to be too high. The method was therefore modi
fied to separate the lead from large quantities of iron 
by means of a sulfide precipitation, in which copper acts 
both as a carrier for the lead sulfide and as a catalyst 
for the reduction of iron with hydroxy la.mine at pH 
0.4-0.5. Lead is separated from the copper carrier and 
any bismuth and tin present by simultaneously repre
cipitating the sulfides of those three metals from 
1.511/ I-ICI, and is then extracted from the remaining 
1.511/ liCI solution with 1 percent die thy !ammonium 
diethyldithiocarbamate in chloroform. The organic 
content of the lead-hearing extracts is destroyed by 
wet-ashing with HNO~-HCl04. The lead is further 
isolnted and then determined spectrophotometrically 
with dithizone as described by Sandell ( 1959). 

Standard curves prepared directly from pure lead 
solutions were in excellent agreement with those pre
pared from known amounts of lead carried through 
the sulfide-ca1~bamate separations. Results obtained 
for a few samples of pyrite agree with those obtained 
by other methods. 

PROCEDURE 

P1•epa'ration of sample solution and separation of 
lead.-Transfer a weighed amount of pyrite (60-80 
mesh) containing from 5 to 15 micrograms of lead to a 
150-ml Teflon beaker. Add 15 ml aqua regia and 5 ml 
I-IF, cover the beaker with a Teflon disc, and allow the 
mixture to digest at room temperature for half an 
hour. Transfer the beaker to a steam bath and heat 
gently until all apparent action has subsided. Replace 
the Teflon disc covering the beaker with a ribbed Teflon 

cover and evaporate the liquid to dryness. Convert the 
salts to chlorides by several times adding a small quan
tity of HCI and evaporating to dryness. Add 20 mg 
copper as the chloride in 75 ml 0.2N HOI. Reduce iron 
with hydroxylamine hydrochloride (catalyzed by cop
per at this acidity) and precipitate the sulfides with 
H2S. Separate the lead from the copper carrier and any 
bismuth and tin present by simultaneously reprecipitat
ing the sulfides of those three metals from 1.5 M HCI. 
Boil out the H2S and completely remove the lead from 
the 1.5 M HCI solution by extracting two or three times 
with 10-ml portions of 1-percent diethylammonium 
diethyldithiocarbamate in CHC13 • Thallium remains 
in the aqueous phase. Evaporate the combined carba
mate extracts to incipient dryness on a steam bath, and 
destroy the organic matter by wet-ashing with 3 ml con
centrated HNOa and 0.5 ml HCl04. Remove oxides of 
nitrogen and excess perchlorates by fuming to near dry
ness on a hot plate. .Dissolve the salts in 5 mll: 9 HN03 • 

Filter the cooled solution quantitatively directly into 
a separatory funnel through glass wool tightly packed 
in the stem of a small funnel. Use 1:99 HN03 as a 
wash. The total volume of filtrate and rinsings is about 
25 ml. The lead is separated by extraction and de
termined spectrophotometrically with dithizone dis
solved in chloroform as described by Sandell ( 1959). 

Analytical control is obtained by means of sample 
solutions spiked with known amounts of lead. The 
samples (spiked and unspiked), the reagent blanks, 
and the lead standards used in the preparation of the 
calibrated spectrophotometric curve are subjected to 
the procedure simultaneously. 

Preparation of lead iodide for mass speetrornetry.
The amount of lead isolated, purified, a.nd converted 
to lead iodide ranges from 25 to 200 micrograms. After · 
the determination of the lead content of the pyrite, an 
amount of sample containing the desired quantity of 
lead is carried through the procedure described above 
to the point preceding the spectrophotometric deter
mination. The lead is then extracted as the dithizonate 
into chloroform from an alkaline-cyanide medium. 
The lead is back-stripped into 5 ml 0.001N HOI, reject
ing the organic dithizone phase. Any dithizone in the 
aqueous lead-bearing phase is removed by several ex-
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tractions with 5-ml portions of CHCl3 • The acid solu
tion of lead is evaporated to dryness, the residue is dis
solved in 5 ml of 25-percent sodium acetate; and the 
lead is precipitated as the sulfide with H 2S. The lead 
sulfide is converted to the nitrate with concentrated 
HN03 in a 5-ml round bottom beaker supported by a 
borosilicate glass sleeve. Just before the isotopic. com-

position is determined, freshly prepared alcoholic NILI 
is used to convert the trace quantity of lead nitrate. 
to the iodide. 
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220. DETERMINATION OF LEAD IN ZIRCON WITH DITHIZONE 

By FRANK.CUTTITTA and J:EssE J.WARR, Washington, D.C . 

. Work done in cooperation with the U.S. Atomic Energy Commission 

The determination of lead in such minerals as zircon 
for geochronologic studies by classical methods is dif
ficult, especially if the sample is small and its lead 
content very low. We bel!eve the best chemical pro
·cedure with such samples to be separation and spectro
photometric determination of lead with dithizone. Ex
perimental factors relating to application of this re
agent to the determination of lead are summarized by 
Sandell (1959). Several samples of zircon were ~na
lyzed by this method to provide data for intralabora
tory cor,nparison of lead analyses made on zircons to be 
used in cross-checking analytical methods. The results 
are presented in table 220.1. 

Studies were also made to determine the loss of lead 
by volatilization from zircon undergoing decompo
sition by fusion. ·No loss was detected when. the zircon 
\vas fused with a carbonate-borate flux, or when it was 

TABLE 220.L-Intralaboratory comparison of average lead in 
zircon samples 

Zircon 

NBS-197 ______ 
ZS-4 __________ 

9-----.,-----
10 _________ 
12 _________ 
2 __________ 

Spectro: 
graphic 1 

0. 0034 
. 0038 

030 
. 0049 
. 012 

0034 

1 Rose and StP,rn, 1960. 
2 Analysis by L. R. Stieff. 

Lead (percent) 

Isotope 
dilution 2 Mean of 

--------

--------
0. 031 

--------

--------

--------

n deter
minations 

0. 0034 
. 0038 

028 
. 0047 
. 011 

0035 

Chemical 

n 

51 
7 

16 
6 
6 
5 

Standard 
deviation 

--------
0. 0003 

. 0028 

. 0002 

. 0008 
--------

decomposed by sintering with sodium peroxide in pla
tinum for 30 minutes in an electric muffle maintained at 
460°+15°'0 (Rafter, 1950). 

PROCEDURE 

Grind the sample to an impalpable powder in a boron 
carbide mortar and mix thoroughly. Small particle 
size is necessary to insure complete fusion in a reason
ablE~ time. 'Veigh a 0.1000-gram sample (should con
tain 8 to 15 microgra.ms lead) into a 15-ml platinum 
crucjble and add 1 gram of carbonate-borate flux, pre
pared by mixing equai portions by weight of' anhydrous 
sodium carbonate and anhydrous sodium borate ( Ampt, 
~935). Mix thoroughly. Cover the crucible, place it 
in a furnace and heat to 150° or 200°C, to drive off any 
moisture. Gradually increase the temperature until 
the mass is a viscous liquid (approximately 925°C). 
J{eep the crucible at this temperature for 20 to 30 
minutes. Cool to room temperature and place the cru
cible and melt i~ a 100-ml beaker, add 20 ml water, 
cover, and digest on a steam bath until the melt has 
completely disintegrated to a fine silt. Then add 15 ml 
(3+7) HN03 , cover, and digest o_n a steam bath until 
the silt just dissolves. Transfer the solution quantita
tively to a 125-ml Teflon-stoppered separatory funnel, 
removing and washing the crucible. Adjust volume to 
50 ml; the final HN03 concentration is 7 percent v /v. 
A reagent blank is processed along with the samples. 

Sample solutions spiked with known amounts of lead 
are also used as a means of process control. The sample 
(spiked and unspiked)' the reagent blanks, and the lead 
standards used in the preparation of the calibrated 
spectrophotometric curve are simultaneously subjected 
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to the same procedure. The lead is separated by. ex
traction with chloroform, and determined spectropho
tometricnJly with dithizone, in the manner described 
by Sandell ( 1959). 

REFERENCES 

'Ampt, G. A. 1935, Determination of zirconium: Australian 
Chem. Inst. Jour. and P1·oc., v. 2, p. 321-334. 

·~ 

Rafter, T. A., 1950, Sodium peroxide decomposition of minerals 
in platinum vessels: Analyst, v. 75, p. 485-492. 

Rose, H. J., Jr., and Stern, T. 'W., 1960, Spectrochemical de
termination of lead in zircon for lead-alpha age determina
tion : Am. Mineralogist. (in press) 

Sandell, E. B., 1959, Colorimetric determination of traces of 
metals, 3d ed.: New York, lnterscience Publishers, Inc., p. 
563-571. 

221. PREPARATION OF LEAD IODIDE FOR MASS SPECTROMETRY 

By FRANK Cu~TTA a.nd JESSE J. WARR, Washington, D.C. 

Work done in cooperation with the U.S. Atomic Energy Commission 

The determination of geologic age by the lead
uranium or lead-lead methods is based on a knowledge 
of the Pb200/U238, Pb207/U23\ and Pb207/Pb206 ratios. 
The lead is isolated from samples and is converted to 
lead iodide, which is used to determine the isotopic com
position with a mass spectrometer. In the case of pure 
galena, PbS, the lead ·iodide is. prepared directly. 
Other materials of geologic interest for geochronologi
cal studies, such as allanite, asphaltite, autunite, bracke
buschite, brannerite, cerussite, clausthalite, coffinite, 
coronadite, davidite, descloizite, ·feldspar, impure 
galena, limonite, microlite, parsonite, phosphorite, 
pitchblende, polycrase, psilomelane, pyrite, samarskite~ 
thorianite, thorite, uraninite, yttrota.ntalite, and zircon 
require isolation and purification of lead content by 
conversion to one of three intermediate forms, PbS, 
PbS04, or Pb(N03) 2, prior to final conversion to Pbi2. 

When the amount of lead is expected to be less than 
1 mg, reagent blanks are carried along. The proced
ures described are adequate for most applications. 
However, they may be modified or simplified where 
experience indicates this to be necessary. 

An intensely yellow precipitate of lead iodide, Pbi2, 
is formed when iodide ions are added to lead salt solu
tions. Recrystall izn.tion from hot water changes the 
lead iodide into beautiful, golden, sparkling leaflets. 
Although the compound is yellow, its aqueous solution 
is quite colorless. Some physical constants (Remy, 
1956) are: Density=6.2, mp=412°C, bp=900°C, and 
solubility at 25°C (brucite-type Pbi2) =0.331 gram per 
liter or 1.6 millimoles i)er liter and at l00°C= 1.865 
grams per liter or 9 millimoles per liter. The iodide 
is insoluble in alcohol but moderately soluble in solu-

tions of alkali iodides. It is decomposed by ether. 
Crystallization fron1 solutions containing hydriodic acid 
produces the addition compot1nd HI· Pbi2 · 5H20 which 
is orange yellow in color. . 

Lead iodide was prepared by the following proce
dures: 

1. Directly from pure galena (PbS) .-PbS is dissolved 
and transformed with excess hot concentrated hy
driodic acid to iodoplumbous acid, HPbi3, with the 
evolution of H 2S. The operation is carried out in 
a 15-ml centrifuge tube immersed in a water .bath, 
heating until the sulfide dissolves and no further 
evolution of H 2S can be detected. A copio.us yellow 
precipitate will form on dilution of the clear am
ber-yellow solution (1 to 2 ml in volume) with 10 
ml of ice-cold lead-free water. The iodide is centri
fuged, and the centrifugate is discarded .. The Pbi2 
is dried in the centrifuge tube at 80°C. For small 
amounts of galena ( < 5 mg), the procedure is sealed 
down to a semimicrolevel using 2- to 3-ml centri
fuge tubes and long stemmed capillary tube medi
cine droppers for delivering reagents. 

2. From pure lead sulfate.-PbS04 dissolves and trans
forms in hot (Caley, 1933) or cold (Caley and Bur
fotd, 1936) concentrated HI to iodoplumbous acid, 
HPbl3. The resulting solution has a faint yellow 
to dark-golden yellow color depending on the lead 
concentration. A copious precipitate of lead iodide 
is formed on dilution with ice-cold water. The lead 
sulfate .used for the preparation is contained in a 
5-.ml porous porcelain filter crucible after having 
been prepared for the gravimetric determination of 
lead. The lead sulfate is dissolved either in hot or 
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cold concentrated HI, using a total of 2 ml in por
tions. It is filtered directly into a 15-ml centrifuge 
tube using suction. Ten to twelve milliliters of hot 
boiling water is used as a wash solution. Lead i~dide 
precipitates on cooling to 5° to 10°C. 

3. From impure lead sulfate.-In the course of prepar
ing sample solutions in H 2S04 for the volumetric 
determination of uranium, insoluble sulfates form 
and these are reserved for the isolation of lead. 

Lead may be separated from silicon dioxide, cal- . 
cium, strontium, ba.rium, tin, and antimony by ex
traction of the precipitated sulfates and oxides with 
ammonium acetate (20 percent w /v solution contain
ing 3 percent v/v acetic acid). CaS04 is extracted 
to a considerable extent and about 95 percent of the 
lead is separated from BaS04 even when the lead
barium ratio is 1:100 (Scott and Aldridge, 1931). 
The lead is precipitated as the sulfide from the ace
tate medium, centrifuged, washed free of salts, and 
then co.nverted to the nitrate with nitric acid. The 
nitrate is converted to the iodide with a freshly pre
pared saturated alcoholic solution of ammonium io
dide. 

4. From uranium-bearing materials.-Samples are dis
solved as described in the literature and converted to 
chloride in an HCl medium. The sample solutions 
are adjusted to pH 0.4 to 0.5. Iron and vanadium 
are reduced with hydroxylamine hydrochloride in 
the presence of 10 to 20 mg of copper ·which serves 
as a catalyst for the reduction o:f iron at this pH 
and as a carrier for lead· when precipitated as the 
sulfide. After precipitation o:f the sulfide, the lead 
is then separated from the copper carrier and from 
any bismuth present by simultaneously reprecipitat
ing the latter two as the sulfides from 2A/ HCI. The 
lead is then extracted from the 2~/ HCfSolution (50 
ml volume) with 2 to 3 10-ml portions of 1 percent 

w jv diethylammonium-diethyldithiocarbamate in 
chloroform. Thallium remains in the aqueous phase. 
After evaporation of the chloroform, the lead car
bamate is wet-ashed, and the lead is cycled through 
another sulfide precipitation from a small volume in 
a sodium acetate medium. As little as 10~-tg o:f lead 
is precipitated in this manner. The lead sulfide is· 
converted to the nitrate by treatment with concen
trated HNOa. After evaporation to dryness, the 
lead nitrate is transposed to the iodide with alco
h.olic NH4I just before the mass spectrometric analy
SIS. 

5. From feldspars and zircons.-Feldspars are dis
solved by an I-IF -HCl attack in Teflon; zircon or 
any insolu~le residue remaining from the acid attack 
of feldspars is decomposed by a carbonate-borate 
fusion in platinum at 925°C for 20 to 30 minutes. 
Zircon samples are decomposed directly with car
bonate-borate fusion. After the preparation of the 
sample solution in HCl medium, the procedure is 
similar to that used in the separation and purifica
tion of lead from uranium-bearing materials de
scribed in step 4 above. Blanks are nm simul
taneously with samples. Occasionally, circumstances 
may warrant the introduction of a dithizone extrac
tion of the lead from an alkaline-cyanide medium 
just before the final sulfide step. 
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222. DETERMINATION OF SMALL QUANTITIES OF OXYGEN ADSORBED ON ANATASE 

. By FRANK CuTTITTA, Washington, D.C. 

Work done in cooperation with the U.S. Atomic Energy Commission 

Measurements of the magnetic susceptibility o:f the 
anatase and rutile form of Ti02 have recently been 
made by F. E. Sen:ftle, T. Pankey, and F. GTant 
(written communication, ·1960) on synthetic crystals. 

Their results show an increase in the magnetic sus
ceptibility of from 0.04 to 0.25 x 10-6 emu per gram 
for anatase from room temperature to 77° K whereas 
the magnetic susceptibility of rutile was :found to be 
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temperature independent. The anomalous change 
noted for ana .. tase could be explained if about 0.35 
percent oxygen was adsorbed onto the surface of the 
anatase powder from impurities in the tank gas used 
in making the magnetic measurements. In an attempt 
to test this possibility, the amount of oxygen adsorbed 
on portions of the srune anatase sample used for the 
m.agne.tic susceptibility determination was measured 
by two methods, a .. nd the purity of the tank gas used 
in the magnetic measurem.ents was tested also. 

One of the methods used to determine the oxygen 
content of powdered anatase consisted of desorbing the 
oxygen at 925° C and sweeping it out with oxygen
free nitrogen. The results of two experiments showed 
the adsorbed oxygen content to be 0.40 and 0.34 per
cent. It was noted that.Ti02 (white powdered synthetic 
anatase) turned yellow on heating and inverted to rutile 
n,t this temperature but the sample color was restored 
to white on cooling to room temperature. This is the 
norm.al color variation observed when converting 
lU1a.tase to rutile. 

The second method, based on the work of Czanderna 
and I:Ionig (1959) who reported that nitrogen is 
strongly adsorbed on anatase at room temperature, 
was to replace adsorbed oxygen by flowing a current 
of oxygen-free nitrogen a.t room temperature over the 
powdered anatase. Two measurements of the oxygen 
content of anatase determined by this means were 0.37 
and 0.38 percent. These agree with the results of the 
first experiment tuld confirm the observations of 
Czanderna a.nd Honig ( 1959). 

The purity of tank gas of the type used in the mag
netic measurements was tested by removing adsorbed 
oxygen in a dynamic high vacuum (using a Welch duo
seal pump) at room temperature. After maintaining a 
continuous dynamic vacuum for 15 minutes at room 
temperature, the oxygen was swept out and determined 
as described below. Results were cmnparable to 
1neasurements of blanks-no oxygen being detected by 
the method. It was also observed that during out
gassing the sample turned gray. After the admission 
of nitrogen, the sample color was restored to white. The 
gray· color was due to a loss of a small runount of 
oxygen from the Ti02 lattice, that is, production of 
oxygen vacancy sites. If the tank nitrogen admitted 
had been pure, no change in color ·would have taken 
plnce, so the fact that the Ti02 again regained its white 
color indicates that the tank nitrogen probably was con
tn,m:inn.ted with a small amount of oxygen. This was 
later confirmed by further inagnetic measurements. 

The above experiments showed that the amount of 
oxygen adsorbed to the anatase surface was about 0.35 
to 0.40 percent-approximately the same amount as that 

557753 0-6Q--32 

theoretically calculated as being necessary to produce 
the anomalous magnetic susceptibility at 77°IC The 
experiment on outgassing pointed to the impurity in 
the tank gas as a likely source of the oxygen. This was 
subsequently eliminated and the anomaly disappeared. 

PROCEDURE ·FOR MEASURING THE OXYGEN CONTENT 
OF GAS 

The oxygen content of the nitrogen gas was measured 
in all of these experiments by a procedure that utilizes 
the reaction of the oxygen with copper as described by 
:MacHattie and ~1aconachie (1937) and Urig, Roberts, 
and Levin ( 1945). Oxygen can be determined in gases 
and liqtiids by copper moistened with ammonia-am
monium chloride salt solution: 

2Cu+ 0 2 + 8NH3+ 4H+~2Cu(NH3)4+++ 2H20 
Colorimetric measurement of the intensity of the blue 
cupriammine complex permits determination of 0.1 to 
2 ml of oxygen. The copper-oxygen conversion factor 
is defined as the milliliters of p~re oxygen at 0°C and 
760 mm of 1nercury pressure equivalent to 1 mg of cop
per and is theoretically equal to 0.088 ml (0.126 mg Oz) 
corresponding to the formation of cuprous oxide. How
ever, data published by MacHattie and Macona_chie 
(1937), Powell and Joy (1949), and Deinum and Dam 
(1949) indicate that appareritly some cupric oxide is 
also formed .. Powell and Joy and Deinum and Dam 
obta .. ined an average factor of 0.099 ml (0.142 mg) by 
introducing known volumes of oxygen into their ap
paratus. ·Powell and Joy (1949) have also ~hown that 
the rate for the complete absorption of oxygen from a 
gas passed through the absorption tube should not ex
ceed 350. ml of gas per minute and that under these con
ditions the method is probably accurate to within at 
least 2.5 percent of the true value. 

The preparation of reagents and copper calibration 
curves are described by Powell and Joy (194'9). Their 
apparatus for determining low concentrations of oxy
gen in gas has been modified to obtain data for the 
work listed above. The pertinent details of the appa
ratus are given in figure 222.1. 

OPERATION OF APPARATUS 

Assemble the apparatus as shown in .figure 222;1 and 
purge it with oxygen-free nitrogen.. Connect the de
livery tube of the reagent bottle to the right arm of 
stopcocks A. Fill the absorption tube to the mark 
near stopcock 0. Allow the solution to pass back 
through the left arm of stopcock A into a 200-ml volu
metric flask using a positive nitrogen pressure through 
the left arm of stopcock 0. Return the apparatus to 
its original position and repeat the washings until the 
solution, when taken from the apparatus, has only a 
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Pyrogallol 
trap 

To vacuum 

1 x 40 em l~--- Copper ribbon 
Absorption tube---~1 "" packing 

Wash solution 

+------ Reagent 
solution 

FIGURE 222.1.-Apparatus for determining low concentrations of oxygen adsorbed on anatase. 

slight constant color due to the oxygen in the reagent. 
The apparatus is now ready for use. 
· Run reagent blanks and samples, using a nitrogen gas 

flow, through stopcocks E 2 , B 2 , C1, and out to the 
Mariotte bottle. Exactly 450 ml of nitrogen is passed 
in a 20 minute period under a 5 pound positive 
pressure. 

After the prescribed volume of gas has been passed 
through the apparatus, close E 2 and B2 and open E1, 
B1, and A1. Pass reagent solution into the absorption 
tube to the mark near stopcock 0. Discharge the solu
tion through the left arm of stopcock A (A2) .into a 
200-ml volumetric flask. Repeat this operation four 
times more. The apparatus is now ready for re-use. 
Make up the combined washings to 200-ml with the 
ammonia reagent. Determine the absorbance of this 
solution at 640 mp., setting the spectrophotometer to 

100 percent transmission with the ·reagent solution. 
Our experience$ show that reagent blanks are remark
ably constant. 
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223. PRELIMINARY TESTS OF ISOTOPIC FRACTIONATION OF COPPER ADSORBED ON QUARTZ AND 
SPHALERITE 

By FRANK CuTTITTA, FRANK E. SENFTLE, and E. C. 'VALKER, Washington, D.C. 

Wo,·k done in cooperation with the U.S. Atomic Ene·rgy Oornmission 

Isotopic fractionation may result from the adsorp
tion of a gaseous or ionic species on a solid surface. 
Caldirola and Rossi (1957a, b) studied these effects 
for a gaseous mixture in the light of the Lennard-Jones 
theory on the intern.ction of atoms and molecules with 
solid surfaces. Their computations agree with the ex
perimentaJ results of Trawick and Berman (1956) who 
studied the fractionation of elemental gases by adsorp
tion on silicon powder. 

The conditions that are favorable for adsorption are 
also favorable for ion exchange. Fractionation of iso
topes by exchange reactions is well known, as has been 
shown by Betts and others ( 1956), who separated N a 22 

and Na24 on Dowex resins. 
The adsorption by mineral grains of ions contained 

in ground water is a common process associated with 
the migration of atoms in nature. For instance, ion 
exchange and adsorption most certainly take place at 
grain surfaces in a sandstone or other rock through 
which ground water percolates. And from results of 
the above-mentioned laboratory experiments, it is rea
sonable to speculate that isotopic fractionation does 
take place in nature under these conditions. 

The follo-\ving preliminary experiments were per
formed with copper as a tracer to determine the extent 
of isotopic fractionation on cellulose, quartz, and 
sphalerite. Richardson and Hawkes (1958) found that 
the totnJ adsorption of copper on quartz am~unted to 
about 3 x 10-12 moles of copper per square centimeter 
of quartz. Experiments by Gaudin and others ( 1951) 
indicate thnt a gram of sphalerite in the size range of 
48 to 325 mesh "rill n.dsorb about 1.9 x 10-6 moles of 
copper. Jiowever, it is not clear from their data wheth
er this was due to a true adsorption mechanism. 

Results are generally quoted' as the deviation, b., 
from the standard ratio ( Cu63 /Cu65=2.223) in parts 
per mil ( o/oo), where 

~=1000X (Cu63/Cu65
) standard- (Cu63/il5 ) sample 

(Cu63/Cu65
) standard 

An enrichment of the heavy isotope or the light isotope 
is indicated by a positive or a negative number, respec
tively. 

EXPERIMENT 1 

A chromatographic. column ( 40 em long by 2 em 
diameter) was "packed" with an aqueous slurry of 
'Vhatman ashless chromatographic paper (batch 1274-
78-83) to a height of 30 em and allowed to drain by 
gravity. An aqueous solution of CuS04 ( 5 mg Cu/ml) 
was made from reagent grade, fine crystal CuS04 · 5H20 
(Baker and Adamson) and the isotopic abundance ra
tio, Cu63/Cu65

, wns determined to be 2.223 (Walker and 
others, 1958). Seventy-five milliliters of this solution 
was passed through the quasi-drained moist column at 
room temperature under gravity flow and various frac
tions of the effluent were collected as shown in the fol
lowing tabulat-ion. The final fraction was obtained by 
allowing the column to drain until no further collection 
could be made. 

Aqueous 
fraction Volume (ml) Color 

1 25 No color 
2 20 No color 
3 20 Very faint blue 
4 3 Light blue 
5 3 Blue 
6 3 Slightly darker blue 
7 3 Very blue 
8 3 Dark blue 

The first four fractions were then combined, the 
copper extracted and converted to Cu2I2 as discussed by 
'Valker and others ( 1958), and a mass spectrographic 
analysis was made. An enrichment of a little better 
than 1 part per mil of the heavy isotope ( Cu65

) over 
the normal isotopic abundance for reagent grade CuS04 
was found for the combined fractions. This variation 
is about twice as large as the largest experimental error 
observed in previous measurements and justified further 
experimental work. 

EXPERIMENT 2 

A glass column ( 105 em long by 1.5 em in diameter) 
was "dry-packed" with 40 to 50 mesh sea .sand to a 
volume of 185 ml. The. sand was first washed with 1 :1 
HCl and then with distilled water until the effluent 
gave no test for chloride. The head solution (different 
from that used in experiment 1) contained 0.1 mg Cu 
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per ml at a pH of 4.9 and was prepared from CuS04 

(Baker and Adamson, Lot 6071}. The mean of two 
mass spectrographic analyses on this solution showed 
an enrichment of Cu65 of + 1.45±0.09 parts per mil 
from our previous copper standard. 

This solution (250 ml) was gravity fed through the 
column and various fractions of the effiuent were col
lected as before. The copper in each fraction was iso
lated as Cuzi2 and analyzed with a mass spectrometer. 
The results indicate a definite fractionation and enrich
ment of Cu63 in the effiuent and acid washings relative 
~o the "head" !iquor. The enrichment of the heavy 
Isotope shown In the water washings is less than the 
actual enrichment on the surface of the adsorbent be
cause of the dilution effect of the fluid remaining in 
column. The results of this experiment and the cor
responding values for delta are tabulated below. If 
delta (~) is .larger than 1.45 (value for the "head': 
liquor) there is an enrichment of Cu6\ if smaller a 
depletion of Cu65 • 

Solution 
.Head ____________________ _ 
Effluent fraction 1 ________ _ 

2 ________ _ 
3 ________ _ 
4 ________ _ 
5 ________ _ 

Distilled water ___________ _ 
1M H2S04 at 75° C _______ ._ 

1 Sample lost. 
2 Remainder. 
a Five 100-ml washings. 

Volume 
(ml) 

(2) 

10 
30 
40 
80 

3 500 
3 500 

Number of 
isotopic 
analyses 

(1) 
2 
1 
1 
1 
1 
2 

EXPERIMENT 3 

~ 

+ 1. 45±0. 09 

+. 45± . 14 
+. 4 ± . 1 
+. 64± . 5 
+. 6 ± . 06 

+1. 54± . 33 
+. 17± . 25 

.The procedure outlined in experiment 2 was repeated 
as closely as possible. The column was packed with 
sphalerite instead of quartz sea. sand. A mesh size of 
30 to. 40 was used to facilitate the flow of the copper 
solutwn. The sphalerite (Joplin, Mo.) was picked to 
exclude any large pieces of other minerals and was esti
mated to be about 95 percent pure. Another 250 ml of 
th~ same. head sol uti on (enriched 1.45 ± 0.09 parts per 
mil r~lat1ve to the standard) as used in the previous 
experiment was passed through the column. The fol
lowing tabulation shows an enrichment of the effluent 
fractions in Cu63 similar to that found in experiment 2: 

Volume 
Solution (ml) Remarks ~ 

Head _______________ 0:1 mg Cuper 1. 45±0. 09 
mi. 

Effluent fraction l ___ 40 No Cu detected_ -----------
Effluent fraction 2 ___ 60 ____ do ________ 

-----------
Effluent fraction 3 ___ 80 Slight blue color . 94± . 04 
Effluent fraction 4 ___ (1) Light blue _____ . 94± . 04 
Distilled water ______ 2 500 Colorless ______ 2. 2 ± .9 
1..1\11 H 2S04 at 75° C __ 2 500 ____ do ________ -----------

I Remainder. 
2 Five 100-ml washings. 

DISCUSSION 

Three exploratory experiments indicate that a solu
tion of copper ion can be isotopically fractionated by 
pass~ge through a suiitable column. However, the. 
data are limited and a number of questions are raised 
especia.lly as to the mechanism. 

In experiment 2, one would not expect any major 
exchange between the quartz and copper. This is born 
out by the experiments of Hensley and others ( 194:9') 
and Long and Willard (1952) on the adsorption of 
sodium ions on fused silica and glass. One must, there
fore, assume a physical adsorption mechanism, which 
leads to the heavy isotope being preferentially adsorbed 
and the effluent being enriched in the light mass Cu63

• 

The experiment tends to bear this out. Cu65 in a 
solution of moderate concentration of copper is ad
sorbed preferentially to Cu613

, but in solutions of low 
copper concentration, as in the water washings, it is 
apparently more easily stripped from the quartz than 
Cu63

• This would account for the lighter copper in 
the acid washings. However, only a very small amount 
of copper ( =0.1 mg) was acid leached from the sand, 
and the mass spectrometric analysis was made with 
some difficulties. We therefore consider this to be 
of qualitative value only. 

In experiment 3, the pattern of the results was the 
same as in experiment 2. However, in this case one 
would expect that there would be a significant exchange 
of zinc ions by copper ions as well as adsorption. Evi
dently this was the case as relatively large amounts 
of zinc were found in the effiuent solutions. However, 
we believe that the adsorption process as reported by 
Ha.lfawy and Senftle (1957) is the major enrichment 
mechanism for the following reasons : ' 

1. If copper replaced zinc one would expect water 
insoluble copper sulfide to be formed and this would 
not be removed by the water washings. 

2. Since adsorption does take place on sphalerite one 
would expect an enrichment of the heavy isotope as 
was found. 

These experiments show that some fractionation does 
take place by adsorption on solid surfaces. Further 
work should be done to substantiate these data. 
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224. WATER-SOLUBLE BORON IN SAMPLE CONTAINERS 

By CLAUDE HuFFMAN, JR., Denver, Colo. 

Paper cartons of various sizes and qualities ranging 
from small 1-oz pillboxes to quart size waxed-paper 
ice cream cartons are used as sample containers in the 
Denver laboratory of the U.S. Geological Survey. 
These containers were selected because they are cheap, 
nonbreakable, easily stored, adapted to Denver's low 
humidity, and their cylindrical shape ·with no neck 
lends itself to the mechanical mixing of the sample. 

A system·atic study was made by P. R. Barnett (oral 
communication) of possible sources of boron con
taminn,tion that might explain high and erratic spectro
gra-phic results obtained for boron in_ a study of the 
Pierre shale. The paper pillbox sample container was 
suspected as a possible source of contamination. A pill
box was leached with water and semiquantitative spec
trographic analysis of the evaporated solution showed a 
significant boron content. 

Quantitative data obtained by a chemical method 
were desirable to explore further the extent of the pos
sible contamination of analytical splits by water
soluble boron from paper cartons. A series of leaching 
tests with water on various paper containers was made. 
Water-soluble boron was extracted from the cardboard 
by heating one-fourth-inch squares of cardboard in 
water on a steam bath for 3 hours. The volume was 
adjusted to 100 ml per 2 grams of cardboard treated. 
Boron was determined on the 'solutions spectrophoto
metricaHy using the carminic acid method of Hatcher 
and Wilcox ( 1950). All water leaching experiments 
were made in boron-free polyethylene plastic beakers 
to avoid any possible contamination from chemical 
glassware (Wichers, Finn, and Cla.baugh, 1941). 

Sample cartons analyzed for boron are described and 
the water-soluble boron content is given in ta;ble 224.1. 
The results show that water-soluble boron ra .. nging 
from 90 to 550 ·ppm was leached from the containers. 
This amount, no doubt, could contaminate Pierre shale 
samples having a boron content of 20 to 320 ppm. The 
4-oz drug-packer commonly used for storing sample 
pulps in the Denver laboratory contains about 550 ppm 
boron; the cap from this container contains about 200 
ppm. The eardboard mixing baffle inserted inside the 
-4-oz drug-packer during the mechanical mixing of the 
sample pulp contains about 140 ppm water-soluble bor
on. The 1 oz drug-packer (round pillbox) used by the 
spectrographic laboratory as sample storage containers 
for both quantitative and semiquantitative analyses 
contains about 190 ppm boron. The ice cream carton 
showed no appreciable . wruter~soluble boron, probably 
because of its water-proofing. Boron could possibly 

TABLE 224.1.-Water-soMtbZe boron content in cardboard 
containers 

[Based on 2 grams of paper leached with 100 ml water] 

Water-soluble boron 
Description of sample material tested (parts per million) 

Drug-packer, 4-oz, 3lh by inches________________________ 550 
Drug-packer cap, from 4-oz packer above_______________ 200 
Cardboard mixing-baffle inserted in 4-oz packer while 

mixing samples____________________________________ 140 

Drug-packer, 1-oz round, fiat pillbox 1lh by lh inch (spec-
trographic sample storage container)--------------- 190 

Colored code ribbon from outside 1-oz pillbox above_____ 420 
Drug-packer, 2-oz 2112 by 1lh inch_____________________ 90 
Drug-packer cap, from 2-oz packer above______________ 125 
Waxed paper, quart, ice cream carton, 7 by 3lh inches-- <5 
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be picked up by the abrasive effect of rock powders on 
the cardboard containers. This would be particularly 
true where the container is used for mechanical mixing 
of the sample. 

DISCUSSION 

It seems reasonable to assume that soluble boron from 
sample containers is at least partly r~sponsible for high 
and erratic spectrographic data for boron. Salts of 
boron or boric acid are probably added to prevent mold 
and bacterial decay of the adhesives used in manufac
turing the cardboard. 'This study indicates that suffi
cient boron to contaminate samples containing small 

amounts of boron is -present in most of the sample con
tainers used in the Denver laboratory. Containers used 
for samples for lcnv boron determination should be 
tested. Most glass containers contain some boron.; the 
most suitable container is probably a cheap boron-free 
plastic. 
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225. · DILUTION-ADDITION METHOD FOR FLAME SPECTROPHOTOMETRY 

By F. S. GRIMALDI, Washington, D.C. 

A more .or less serious weakness inherent in the flame 
photometric method is the "matrix" effect. By this is 
meant that the emission intensity from a given element 
may depend on the nature and ·concentration of. the 
accompanying elements in the sample. The method 
described here, a synthesis of several desirable features 
of methods reviewed by Gilbert (1959) plus some 
added, features, requires no prior knowledge of the 
chemical composition of the sample. ,In this method 

· matrix effects are largely overcome by sufficient dilu
tion of the sample, and residual matrix effects are cor
rected for by a "spiking" technique. The resulting 
plot of intensity vs. concentrati'on defines the upper 
region of a working curve characteristic of the given 
sample matrix mixe.d with differing ·amounts of test 
element. The curve is usually linear but.may show a 
slight but regular curvature where sufficient dilution of 
the sample cannot be made. The shape of the curve 
for lower concentrations of the element is deduced by 
extrapolation from the known portion to zero intensity, 
thus defining a.t the same time the point of zero concen
tration. This is the only assumption made. 

The extrapolation to zero intensity is simplified by 
choosing a concentration for a standard such that, if 
the standard is set at 100, the unspiked sample reads in 
the range of 20 to 35 percent transmission. Before 
plotting, the intensities obtained are corrected for back
ground by reading emissions to the left or to the right 
of the chosen line or both, the extent to the left or right 
depending on the concentration and nature of the ele
ment and the slit width used. Minimum slit widths 

should be used to obtain the best resolving power and 
thus decrease. or eliminate line interference from other 
elements. , . 

PROCEDURE 

1. Prepare -a 3-percent v /v HC104 solution of the 
sample. For silicate rocks a 0.5-gram sample can 
be decompo~ed. directly with HF and IIC104 and 
made to 100-ml volume in a volumetric flask. 

2. Obtain approximate concentrations of all. elements 
·in question as follows: Set 100-ppm standards at 
· 100 on the flame spectrophotometer and read each 
element at its most sensitive "\vavelength. The con
centrations obtained are used as a guide for dilu
tion, if needed, and proper increments of spike to 
be used. 

3. Take four aliquots for· each element to be determined, 
maintaining a 3-percent' concentration of H0104 
acid. Add to the second, third, and fourth aliquots 
such definite multiples of spike that the fourth 
sample will contain a total of about three times the 
concentration of the .test element estimated to be 

·present in the sample. 
4. Adjust to a definite volume and record the transmis

sion. 
5. Record the background emission at the wavelengths 

indicated in table 225.1. 
6. Plot the net intensity (total intensity minl.ls back~ 

ground intensity minus the reading of the blank 
at the optimum wavelength (against concentration, 
setting the concentration of the unspiked sample 
at an arbitrary point. Draw a smooth curve 
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through the points and extrapolate the curve to 
zero intensity. This locates the point of zero con
centration. ·The concentration for the sample can 
then be read off the curve. 

Table 225.1 indicates the concentration useful for 
each of the alkali metals for the 100-percent setting on 
an instrument such as the Beckman DU flame spectro
photometer, and the various wavelengths at which read
ings are made. These figures are given on the assump
tion that no element is present which gives line or 
band interference. 

'J~AnLm 225.1.-0onoent·mt-ion to1· 100-tJenJent setting and selected 
W((fl)elengths to1· emission and baokgrou.na readings 

Concentration Wavelength m~ 
Elomont pnrt.s per million 

1 
________ _ 

as oxide 

l'fa ___________________ _ 
!( ____________________ _ 
Li ____________________ _ 
llb ___________________ _ 
Cs ____________________ _ 

10 
25 
25 
50 
50 

Emission Background 

589. 5 
768 
671 
780 
852 

575, 600 
750, 780 
660, 680 
750, 815 
815,-

The data for a typical run, given in table 225.2, were 
obtained as follows: A 0.5-gram sample of silicate rock 
was dissolved and made to 100 ml. Five milliliter 
aliquots were taken, spikes were added, and the solu
tions were then diluted to 50 ml before aspiration. A 
25 ppm I\:20 standard was. set at 100 at 768 mtt, a slit 
opening of 0.12 being used on the Beckman DU. 

TAnLJ~ 225.2.-71Y1Jioal data tor det61"1nination ot K20; hydrogen 
flame 

Emissions, percent 
transmission at Net emission, 

Sample aspirated percent 
transmission 

768 750 780 
m~ m~ m~ 

Alone _____________________ 
28. 3 0 0 26. 5 

+5 ppm 1<20-------------- 48. 3 0 0 46. 5 
+10 ppm K20------------- 68. 2 0 0 66. 4 
+15 ppm 1<20------------- 88. 4 0 0 86. 6 Blank _____________________ 

1.8 0 0 ------------

In figure 225.1 the net emissions are plotted against 
concentration of ICO, setting the concentration of the 

100 

80 
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I-
(1).60 
z, 
w 
1--
z 
I
W40 
z 

~6.7 -+1 
ppm 

I 
20 1 / 

I I 
I I 
I; 

·10 20 
CONCENTRATION K20 -_ 
PARTS PER MILLION 

FIGURE 225.1-Determination of K20, typical data. 

30 

unspiked sample arbitrarily at 10 ppm. The extrap
olated portion of the curve, shown dashed, intercepts 
the abscissa at 3.3 ppm of I\:20; the sample thus con
tains 6.7 ppm of 1{20. This corresponds to 1.34 percent 
K20 in the original rock. 

At present, only limited comparative data are avail
able on samples, but these data show excellent agree
ment with results obtained by more conventional 
methods. 
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226. A SPECTROPHOTOMETRIC METHOD FOR THE DETERMINATION OF FeO IN ROCKS 

By LEONARD SHAPIRo, Washington, D.C. 

The most common procedure for determining ferr.ous 
iron in rocks consists of decomposing the rock with a 
boiling mixture of sulfuric and hydrofluoric acid and 
then titrating the solution with potassium dichromate 
or permanga~ate. Although this procedure has some 
disadvantages, arising from the fact that ferrous iron 
is easily oxidized by air and that ferric iron can easily 
be reduced by organic matter as it is brought into 
solution, it can give satisfactory results in much of 
the work for which it is used, provided it is carried 
out with great care and only ~few samples are analyzed 
at a time. 

In revising the methods of Shapiro and Brannock 
( 1956), a method of detennining FeO has been devised 
that is less subject to the difficulties encountered with 
the titration procedure, when applied to a large batch 
of samples, and easier to perform. 

To avoid errors due to oxidation of the ferrous iron 
before titration, procedures have been proposed in 
which a measured excess of oxidant is added to the 
sample, so that the ferrous iron is immediately oxidized 
as it is dissolved, and the resulting Fe203 , which may 
be more stable, is measured (Wilson, 1955). But this 
use of oxida.nts, though it gives very good results with 
some samples, !s unreliable where other oxidizable 
materia.Is such as organic matter. or sulfides are pres
ent. In general, therefore, it is better to use a color
forming reagent rather than an oxida.nt. 

In the method to be described, powdered ortho
phenanthroline is adqed to the weighed sample, and 
followed by H2S04 and HF. The attack is carried out 
on a steam bath, the orthophenanthroline complexing 
the ferrous iron as it goes into solution .. After the at
tack, buffer is added and a:bs9rbance of the resulting 
color is measured in a spectrophotometer. 

REAGENTS AND EQUIPMENT 

Orthophenanthro1ine: The pure powdered reagent. Crush to a 
powder if necessary. 

Sulfuric acid: 50 ml of the concentrated acid to 450 ml of water. 
Hydrofluoric acid: 48 percent. 
Boric acid: 5 percent solution. 
Sodium citrate: 10 percent solution. 
A metal dipper: A scoop with a hole %6 inch in diameter, drilled 

deep enough so that when full it holds about 20 mg of the 
orthophenanthroline powder. 

Plastic bottles, 1 oz: Two to three dozen polyethylene bottles 
1h inch in outer diameter should be available to take full 
advantage of the procedure. 

Steam-bath covers: Drill lh-inch holes into sheets of plastic 
or metal to fit on the top of a steam bath to support the 
plastic bottles. 

A rock sample having a known FeO content between 5 and 10 
percent, to be used as a standard. 

PROCEDURE 

1. For each sample, carefully weigh 10.0 mg. of rock powder 
( 200 mesh) and transfer to a dry plastic bottle. Do the 
same to the rock standard. 

2. Add 1 dipper of powdered orthophenanthroline to each of 
the bottles; and to another one to serve as a blank. 

3. Add 3 ml of the H2S04 solution. 
4. Add 1h ml of the HF· with a plastic safety pipet, swirling 

to ensure complete wetting of the sample. 
5. Place on a steam bath in a fixed order, so-that the first one 

on will be the first one off. Leave on steam for 30 minutes. 
6. While the samples are on the steam bath, transfer 5 ml of 

the boric acid solution to a series of 100-ml volumetric flasks. 
· 7. Following the same order as used previously, remove samples 

from the steam bath, and rapidly add 20 ml of sodium citrate 
to each. It is desirable to have the steaming time as nearly 
uniform as possible. 

8. Transfer the contents of the bottles to the volumetric flasks, 
uslng w·ater to rinse the bottles. 

9. Make up to the mark and mix. 
10. Determine. the absorbances in a spectrophotometer at a 

wavelength of 555 mJL, using the blank as a reference. A 
cell path of 25 mm is suitable. 

11. Read all the absorbances also at 640 mJL ·against the blank 
as reference. This serves as •a measurement of the 
"cloud" of any undecomposed material or of any fine 
precipitate formed, especially with limestone samples. 
These corrections are generally quite small. 

12. Calculate as follows: For each solution subtract the absorb
ance at 640 mJL from the absorbance at 555 mJL to obtain 
absorbance due to the color. Divide the known FeO value 
for the standard rock by the absorbance of its color to 
obtain a factor. Multiply the factor by the color absorb
ance for each sample to obtain percent FeO. 

DISCUSSION AND RESULTS 

Two factors were studied which seemed pertin~nt to 
the procedure. The small sample size made it seem 
likely that particle size might be a problem by giving 
nonuniformity of sampling. This was tested by using 
a sample containing approximately 10 percent FeO. 
Six weighings were made from an 80-mesh portion, and 
six weighings from a 200-mesh portion of the same 
sample. The 12 samples were then run for FeO at 
one time. Both sets gave precisely the same average 
value, but the results from the 80-mesh set showed a 
spread of 0.5 percent absolute, and those from 200-me..'lh 
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set a spread of only 0.1 percent absolute. In the pro
cedure adopted, therefore, samples are ground to' 200 
mesh. 

The second factor to be studied was the stability of 
the ferrous-orthophenanthroline color under the condi
tions o:f steaming used in the procedure. It was found 
that there was a. progressive though fairly slow change 
with time of steaming, of the order of about one per
cent loss in color per three minutes of steam~ng. Too 
short a steaming period might fail to decompose all 
the silicates; too long a period of steaming would 
result in a greatly reduced sensitivity. A 30-minute 
steaming time was chosen as a satisfactory compromise. 
The effect of difference in steaming time was mini
mized by steaming all the samples and the standards 
for the same length of time. . 

An evaluation of the procedure was attempted by 
making spectrophotometric analyses of 25 rocks which 
had been analyzed by the titration p~ocedure. The 
spectrophotometric procedure was used by three ana
lysts at different times. The results obtained 'by the 
three analysts were generally in very good ·agreement; 
where they were not, two of the three agreed well and 
the other was sharply off. This might be explained by 
an occasional nonhomogeneous sample. Agreement 

. ~ 

with the titration procedure was good for most of the 
samples but not as good as the precision among the 
three analysts. As the true value of FeO is unknown, 
a measure of accuracy is not obtainable. Precision, ex
cept for an occasional large deviation, with within 2 
percent of the amount present above 1 percent FeO 
and ±0.1 percent FeO (absolute) below 1 percent FeO 
of the average for the three analysts. 

A collaborative study comparing the results of ana
lyses of the same material from a large number of labo
ratories (Fairbairn and others, 1951) showed a wide 
spread of results in the reported value for FeO by the 
titration procedure, pointing up the difficulty of obtain
ing agreement. The procedure here presented may re
duce this interlaboratory spread. 
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227. SPECTROCHEMICAL ANALYSIS USING CONTROLLED ATMOSPHERES WITH A SIMPLE GAS JET 

By C. S. ANNELL and A. W. liELz, Washington, D.C. 

The normal spectrochemical procedure for analyzing 
rock and similar material involves the excitation in air 
of the sample mixed with graphite. Intense cyanogen 
band spectra are produced, which make useless for spe
trochemical analysis much of the spectral region from 
3500 to 4200 A. The interfering bands may be elimi
nated by excluding either carbon or nitrogen from the 
arc. However, it has been demonstrated many times 
that graphite or carbon is a very desirable admixture 
for rocklike samples, and therefore a more. desirable 
solution is to exclude nitrogen from the arc in order to 
eliminate the cyanogen bands. Many methods for ex
cluding nitrogen have been reported and in most meth
ods the arc is placed in an enclosed chamber (Thiers, 
1953). More recently, controlled atmospheres have 
been used with an air jet that had been designed pri
marily to improve stability of the direct-current arc 
(Shaw and others, 1958). 

Two modifications of a simple gas jet have been 
studied extensively and will be described in detail in a 
later publication. This report is to show the effective
ness of one of these in reducing the cyanogen band 
intensity and to list observations of prominent lines 
of .some elements found in the cyanogen band region. 

The controlled atmosphere jet used is shown in figure 
227.1. The normal type of 1,4. -inch sample-carrying 
electrode is clamped by rotating the lever shown at 
tlie base of the jet. Gas enters through the rubber and 
copper tubing illustrated, surrounds the base of the 
electrode, and rises through the annular space between 
the electrode and the lf2-inch opening of the ceramic 
"welding" tip. This simple device is very effective, and 
easy to use and keep clean. The top of the sample elec
trode is shown projecting about 5 mm above the rim 
of the jet. The gas mixture selected after studying 
carbon dioxide and mixtures· of helium or argon with 
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cyanogen region that might be preferred over lines of 
the same elements in other regions of the spectrum for 
one or more of the following reasons: (a) lines may have 
a higher intensity than those normally used (Bastron 
and others, 1960) for determining a given element; (b) 
lines normally used for determinations of an element 
may have interferences requiring the use of other less 
sensitive lines; and (c) elements desired as internal 
standards for determining another element may not 
normally have lines suitable with respect to intensity, 
excitation energy, or spectral location. 

A list of selected lines in the cyanogen region of 
several elements that have been studied is given below. 
Comparisons are also made with normally used lines in 
other spectral regions. 

Ce II 4137.6 
Ce II 4186.6 

La II 3949.1 

Sm II 3609.48 

Sm II 3885.3 
Pr II 4179.4 

Nd II 4156.1 

Eu II 3819.66 

}

Both lines have similar intensities that 
are slightly greater than Ce II 4222.6, 
which has a detectability at 0.02 per-
cent Ce. 

Same order of intensity as La II 4333.7, 
which is detectable at about 0.001 per
cent La. 

Has detectability at about 0.002 percent 
Sm. 

Has detectability at about 0.01 percent Sm. 
Has detectability at about 0.005 percent 

Pr, which is better than Pr II 3245.46 
by a factor of 10. 

Intensity similar to Nd II 4303.6, which 
is detectable at a,bout 0.01 percent Nd. 

Detectability below 0.001 percent Eu, ion 
line. 

FIGURE 227.1.-Controlled-atmosphere jet for :14 -inch electrodes, Eu I 3971.99 Detectability of about 0.001 percent Eu, 

shown in position on an arc stand. 

oxygen, is four parts argon and one part oxygen flow
ing at a rate of 20 cubic feet per hour. Figure 227.2 
illustrates how effective the above gas mixture, flow 
rate, and jet are for excluding nitrogen from the sur
rounding atmosphere of a 15 ampere direct-current arc. 

Arc stability and rate of sample and electrode con
sumption are factors also considered in determining 
the gas mixture and flow rate. The use of greater pro
portions of argon or helium prolongs the arcing period. 
This versatility of controlled atmospheres can be ad
vantageous, as when special problems associated with 
volatile elements are considered. The arc conditions 
used for the illustration show lo~\Y-energy atom Jines 
depressed and high-energy lines enhanced in the 
"Ar-0/' spectra relative to the arcs in air. The ex
citation may be altered over a considerable range by 
changing the proportion and kind of gas mixture. 

Several spectrograms have been prepared using 
standards for silicate rock analysis as the samples. 
These spectra are being studied to select lines in the 

Tm 3700.26 
Tm 3717.92 
Tm 3795.77 
Tl 3519.24 
Tl 3775.72 
w 4008.75 

w 4074.4 

R u 3498.942 
Ru 3661.35 
Ru 3728.03 
Ti I 3653.496 
'l'i I 3642.675 
Ti I 3635.463 

'l'i II 3759.295 
Ti II 3761.323 

atom line. 

} 
All these lines have detectabilities at about 

0.001 -percent Tm. 

} 
Both lines are detectable at 0.002 percent 

Tl. 
This line has a detectability at about 

0.003 percent W with possible interfer
ence from Ti I 4008.93. 

Slightly more intense than W 4294.61, 
which is detectable at 0.02 percent W. 

} 
All three lines have detectable limits close 

to 0.002 percent Ru. 

} 
Three persistent atom lines with detect

abilities at about 0.002 percent Ti. 

} 

'l'hese lines are slightly less intense than 
Ti II 3372.80, which has a detectability 
at about 0.0005 percent Ti. 

Although the chief objective of the controlled atmos
phere is to reduce the cyanogen band intensity, special 
applications to geological studies are suggested. The 
use of inert atmospheres of helium and argon have 
been shown to have a pronounced enhancing effect on 
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FIGURE 227.2.-S.pectra, cyanogen region, of silicate rock standards containing tungsten, thallium, and ruthenium: a, in air, 
b, in controlled atmosphere of 4 parts of argon and 1 part of oxygen. 

ion lines and high energy atom lines ( Thiers and Vallee, 
1957). This effect upon lines of the volatile Group V 
elements (P, As, Sb, and Bi), for example, may in
crease their detectability. Persistent ion lines of rare 
earth and other transition elements may be enhanced. 

The suppression of excessive background caused by 
incandescent carbon and sample particles is usually 
sufficient to eliminate background corrections that are 
occasionally required when the sample electrode is 
arced in the air. This frequently enables the analyst 
to extend the working curves of affected spectral lines 
to a lower concentration range. 

In conclusion, the effect of different controlled atmos
pheres upon the excitation and vaporization of sample 
constituents should lead to many useful applications to 
geochemical prdblems. The use o:r- a simple gas jet 

demonstrates how readily a valuable portion of the 
spectrum can be utilized in spectrochemical analyses. 
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228. COMBINATION OF GRAVIMETRIC AND SPECTROGRAPHIC METHODS IN THE ANALYSIS OF SILICATES 

By RoLLIN E. STEVENS, ARTHUR A. Crronos, RAYMOND G. HAVENS, ELISABETH Gom.JN, and SARAH T. NEIL, 
Menlo Park, Calif.; California Institute of Technology, Pasadena, Calif.; Denver, Colo.; California In
stitute of Technology, Pasadena, Calif. ; and Menlo Park, Calif. 

Results of analyses of the granite, G-1, and the dia
base, vV -1, submitted to laboratories throughout the 
world, seem to indicate that conventional methods of 
silicate analysis can give accurate values but in prac
tice results vary widely because of personal and other 
errors (see Fairbairn and others, 1951, and Stevens and 
others, 1960). Many of the apparent errors in these 
analyses may have been caused by assuming that all of 
a given constituent was collected in a precipitate and 
that the precipitate was pure. Errors from these causes 
can be eliminated by analysis of the precipitates and 
the analysis of the material left after precipitation. 

In the present study precipitates and other separates, 
obtained in a system of wet chemical separations, are 
analyzed spectrographically. Spectrographic analysis 
is well suited for the analysis of the separates, because 
of the large number of elements that can be determined 
in this way. The accuracy needed in the analysis of the 
separates varies directly with the percentage of con
taminant found. \iVhen a contaminant is shown to be 
present in appreciable quantity in a separate, the con
taminant can then be determined by wet chemical 
methods. This combination of wet chemical separa
tions with spectrographic and chemical analysis of 
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separates will herein be called spectrogravimetric anal
ysis. 

The plan being developed for spectrogra vimetric 
analysis is aimed at accomplishing the following: (a) 
measurement of all nonvolatile constituents; (b) cor
rection of the· weight of each precipitate or separate 
for material other than the constituent sought; (c) 
correction of each determination for the quantity of the 
constituent which failed to separate; and (d) correction 
of each determination for materials added as reagents, 
filter paper, and airborne dust, by a blank analysis made · 
at the same time. . 

The wet separations are made in vessels of platinum, 
plastic, or fused quartz to prevent contamination from 
the material of the vessels, and the vessels are kept 
covered with plastic covers to reduce airborne con
tamination to a minimum. Only volatile reagents are 
used in the wet chemical separations for constituents 
other than Si02, in order to show more direct material 
balance of sample weight with the total weight of the 
separates. 

An outline of the wet chemical separations for main 
constituents follows : 

A. SAMPLE FOR Si02. 

A 1 g sample is heated to constant weight at 105°-110°0, fused 
with 5 g Na2COa, ·leached with water, acidified with HOI, and 
evaporated to dryness. Soluble salts are dissolved in hot dilute 
HOI, and the silica is removed by filtering. The solution is 
again evaporated to dryness, baked at 105°-110°0, dissolved 
in hot dilute HOI, and filtered to remove residual silica. 

Oomb'ined precipitates.-The precipitates are ignited to con
stant weight at 1100°0 as impure Si02. The silica is volatilized 
with HF and the weight of Si02 calculated by difference. 

Oombined filtrates.-The filtrates are again evaporated to 
dryness, and Na2COa solution is added to make alkaline to 
render less hygroscopic; the solution is again evaporated to 
dryness and baked at 105°-110° C. The dry salts are submitted 
for spectrographic determination of the Si02 remaining. 

B. SAMPLE ·FOR CONSTITUENTS OTHER THAN Si02 

Solution of sample.-A 1 g sample is heated to constant weight 
at 105°-110°0, decomposed with HF+H2S04, HF is removed 
by repeated evaporations with H2S04 to dryness, and the resi
due is dissolved in dilute HOI. The constituents are separated 
froin this solution by the following steps : 

Bl.-Ammonia precipitate-oxides of AI, Fe, Ti, V, Or, etc.
plus impurities. These are collected by double pre
cipitation with NH40H vapor in the cold. The precipi
tate is ignited to constant weight at 1100° c, and 
submitted for spectrographic analysis. Major con
stituents are determined chemically. 

B2.-Ca0 plus impurities. Collected by double precipitation as 
oxalate in the combined filtrates from B1. The pre
cipitate is ignited to constan.t weight as CaO, and con
verted to CaS04 or CaF2 for spehrographic analysis. 

B3.-Mg0 plus impurities. Collected by double precipitation 
and recovery precipitation of magnesium ammonium 

carbonate in the combined filtrate from B2, to which 
alcohol is added to repress the solubility. The precipi
tate is ignited to constant weight at 900° C, and con
verted to MgS04 or MgF2 for spectrographic analysis. 

'B4.--Alkalies-(Na,K) 2S04 plus impurities. The combined 
filtrates from B3 are evaporated to dryness in a fused 
quartz beaker, and heated to remove the ammonium 
salts and the excess of sulfuric acid. The residue. is 
dissolved in water, transferred to a platinum crucible, 
again evaporated to dryness, and heated to constant 
weight at 8.00° C. The salts are analyzed spectro
graphically, and Na, K, and other alkali elements de
termined with the flame photometer. 

SPECTROGRAPHIC ANALYSIS OF SEPARATES 

The spectrographic equipment is that described by 
Engel and Engle ( 1958) for separates A, B1, B4, and 
blanks, and essentially that described by Myers and 
Barnett (1953) for separates B2 and B3. An accuracy 
of + 15 percent has been attempted in the spectro
graphic analyses. When a constituent of a separate is 
present in appreciable amount, it is determined by wet 
chemical methods. The spectrographic analyses of the 
separates are made as follows : 

A. Si02 in salts from Si02 separations and blanks.-25 mg of 
a 1 : 4 mixture of sample and graphite is arced to completion in 
duplicate in a 19-ampere (short circuit) d-e arc. Standards 
are made by adding quartz to a NaCI base. Standards and 
samples are exposed on the same plate. Each plate is cali
brated and a working curve is established by densitometry. 

Bl and BJ,. The ammonia precipitates and the alkali sulfates 
0111,d blanks.-Samples are diluted with graphite in the propor
tions 1: 9, 1: 99, and 1: 999; 20 mg of the diluted samples and 
standards are arced to completion in duplicate in a 19-ampere 
(short circuit) d-e arc. Standards are made from mixtures of 
the oxides of the elements in a graphite base. _Each plate is 
calibrated and working curves are established by densitometry. 

B2 and B3. Ca and Mg separates.-Samples diluted with 
boron-graphite base in the proportions 1: 9, 1: 99, 1: 299, and 
1 : 999. 20 mg of the diluted samples and standards are arced 
to completion in duplicate in a 300-volt, 17 ampere d-e arc. 
Standards made from mixtures of the oxides of the elements 
in a boron-grltPhite base. Each plate is calibrated .and work
ing curves are established by densitometry. 

CALCULATIONS 

Calculations are illustrated by those for Si02 and for 
MgO· in Olivine 55MV-40 for E. D. Jackson, and the 
.summary of the analysis is given together with that of 
a hidden duplicate. 

Si02 Wt sample at 105°-110° 0--------------
Wt Si02 collected ___________________ _ 

Wt salts in filtrate 6.9 g 
Percent Si02 in salts (spec-

trographic) _______________ <:0.001 

Weight 
(grams) 

0.7440 
.2982 

Correction for Si02 in salts ___________ <: +· 0001 
Correction for Si02 in blank__________ -. 0008 

Corrected wt Si02------------------- . 2975 
Percent Si02---------------------------------- 39.99 

'. " 
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MgO Wt sample at 105°-110° C-------------· 
Wt MgO ___________________________ _ 

+MgO elsewhere (spectro-
graphic) : 

Weight 
(grams) 

0.7503 
. 3468 

Percent 

In ammonia precipitate ( wt 
0.1114 g)---------------

In CaCQs (wt 0.0003 g) __ _ 
In (Na, K)2SO~+quartz 

33 
14 

+· 0003 
+.00004 

(wt 0.0270 g)---------- 8. 3 +· 0022 
Total MgQ _____________________ .3493 

-impurities in MgF2 (wt 0.4817 g) 
(spectrographic) : 

Percent 

Si02-------------------- . 02 
AbOs------------------- . 10 
FeuOs----------·-------- . 14 cao____________________ . 04 

MnQ___________________ . 26 

BaS04------------------ . 03 coo____________________ . 01 

NiQ____________________ .01 

SrS04------------------ . 01 

. 62 -. 0030 
-MgO in blank (spectographic) ______ -. 09()1 

Corrected wt MgO___________________ . 3462 
Percent MgQ ______________________________ 46.14 

Summary of analysis: Olivine from poikilitic harzburgite, 
Peridotite member, Mountain View area, Stillwater complex, 
Montana. 
[N11,0+K20 not determined because determination of small quantities in separates 

not developed at time of 11nalysis] 

Si0
2 
___________________________ _ 

Al20a-- _- _----- ________________ _ 

Fe203---------------------------Fe0 ___________________________ _ 
MgO __________________________ _ 
CaO __________________________ _ 

H20 + _________________________ ~ 
Ti0

2 
__________________________ _ 

Mn 0 ___ - _--- ----- - - - --------- - -BaO __________________________ _ 
NiO ___________________________ _ 
CoO __________________________ _ 
Cr

2
03- _________________________ _ 

CuO __________________________ _ 

Sc203---------------------------Sr0 ___________________________ _ 
ZnO ___________________________ _ 
Zr0

2 
__________________________ _ 

H20----~-----------------------

55MV-40 

39. 99 
.11 

None 
13.' 12 
46. 14 

. 04 

. 12 

. 007 

. 17 

. 03 

. 19 

. 03 

. 02 

. 007 

. 01 

. 002 

. 02 

. 001 

100. 01 
. 03 

55BE-44 
(hidden 

duplicate) 

40. Q1 
. 14 

None 
13. 14 
46. 13 

. 04 

. 05 

. 005 
' 19 
. 03 
. 14 
'03 
. 02 
. 002 
'01 
'002 

-----------
. 001 

99. 95 
'02 

CONCLUSIONS 

The prec1s10n shown in the analysis of the olivine 
and its hidden duplicate may not be typical of spectro
gra vimetric analysis at present, but further develop
ment of the methods may yield such precision consist
ently. The results shown here also do not indicate the 
accuracy of the method, for they have not been com
pared with known or previously determined values. 
However, the system of analysis is of wet chemical 
separations, proven elsewhere, corrected by spectro
graphic and chemical determinations which are also 
well established. Nevertheless, the accuracy needs to 
be determined by results on materials of known com
position. 

Spectrogravimetric analysis seems to offer the follow
ing advantages over conventional procedures: 
1. Essentially eliminates the possibility of gross error 

in the analysis for m.ajor constituents. 
2. Improves. the . accuraoy of the determinations of 

major constituents by determining the corrections 
. needed to make them accurate. 

:3. Assures that nonvolatile constituents that can be 
determined chemically or spectrographically have 
not been overlooked. 

4. Concentrates elements present in small quantity so 
that they can be measured. 

Spectrogravimetric analysis, in its present state of 
development, is too costly to use for any but special 
samples although there are a number of geological prob
lems requiring very precise data that may be approached 
in this way. The comparative cost of this type of anal
ysis, however, is less than appears at first glance be
cause analyses do not usually need to be checked by 
duplicate determinations .. 
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229. SODIUM-SENSITIVE GLASS ELECTROPES IN CLAY TITRATIONS 

A.M. PoMMER, Washington, D.C. 

The study of the titration of clay acids, an important 
part of .the investigation of the ion-exchange proper
ties of clays (Marshall, 1949), is complicated. The 
reaction of the solid clays with the titrant. is not in
stantaneous, because it takes place across a phase boun
dary.. This raises a rate problem, but this can be 
minimized by resorting to discontinuous or "bottle" 
titrations. In this type of titration, individual reac
tion mixtures are kept in closed vessels (hence the 
name "bottle titration") ; samples of identical. weight 
are then placed in each vessel, but different amounts of 
titrant are added to these samples.· Each of the reaction 
mixtures can then be analyzed at any time thereafter, 
and a titration curve plotted from which the end point 
is determined. If the method of analysis is nondestruc
tive, as is the case in pH measurement, the determina
tions can be repeated as often as desired, and as a 
steady state .is approached, the change· between succes
sive measurements becomes smaller and disappears. 
Other advantages of discontinuous tit.rations are these: 
It is possible to titrate at constant volume and constant 
ionic strength and thus eliminate dilution factors. or 
changes in activity coefficients. If a single determina
tion is ruined, it does· not affect the value of the other 
determinations, which can still be plotted. The results 
of discoi1tinuous pH titrations of clays has been re
ported (Pommer and Carroll, 1960). 

In addition to the rate problem there is another 
complicating factor in the study of clay acids: it arises 
from the fact that these phases belong to multivariant 
systems, involving not only replacement of hydrogen 
by a cation such as sodium, but also release of exchange
able aluminum and the decomposition of the clays to 
soluble or insoluble aluminates and silicates (Marshall, 
1949). For this reason a pH titration 1s best supple
mented by further determinations, in which the sodium 
coritent of the reagent solutions in contact with the clay 
may supply important clues. Such determinations 
may be. conveniently made in parallel_with pH studies 
by means of a sodium-sensitive glass electrode. The 
same reference electrodes and measuring instruments 
(pH meters)· are used in each case. It is not necessary 
to withdraw and consume solutions, and the clay:.solu
tion ratio is not significantly disturbed during consecu
tive determinations. 

Glass electrodes sensitive to hydrogen ions have long 
been known. Their properties are reviewed by Dole 

(1941). Lengyel and Blum (1934) had noted that the 
potential of glass electrodes containing Ah03 or B 20a 
depends on the concentration of several cations in addi
tion to li +.. Nikolskii ( 1953) extended the mathematical 
theory of glass electrodes, and Shults ( 1954) described 

. a series of glasses of varying sensitivity to sodium which 
could be used in hydrochemical investigations (Kryukov 
and others, 1955; Goremykin and Kryu~ov, 1957). 
Eisenman and others (1957) developed a glass electrode 
suitable for measuring sodium ions, which was useful 
in biological problems (Friedman and others, 1959). 
An electrode of this type is. now commercially available 
under the name "78137V Experimental cationic-sensi
tive glass elect~ode" (Beckman Instruments, 1959). 
Bower ( 1959) gives instructions for the use of this elec
trode; they require that the pH of the solution be ad
justed to 7 before the sodium is measured. 

Eisenman found that a sodium-sensitive glass elec
trode functions primarily as a hydrogen electrode if the 
pH drops ·below 4 and this finding was confirmed by 
Leonard (1959), who also stated that it was necessary to 
suppress the hydrogen activity to a value a;bout four 
orders of magnitude below the expected sodium level. 
In discontinuous clay titrations, where the pH cannot 
be ch::tnged without spoiling the experiment, it is neces
sary to determine the sodium activities without an ad-
justment of pH. · 

It is possible, though tedious, to evade these difficulties 
by calibrating the sodium electrode in a series of solu
tions that differ in pH and sodium concentrations, but 
before this task was undertaken, an attempt was made 
to see whether the millivolt readings of a sodium-sensi
tive glass electrode, read against a standard calomel 
reference electrode, could be utilized in a study 
of. clays. Figure 229.1 shows that this is so for a 
montmorillonite. 

It has already been shown (Pommer and Carroll, 
1960) that the titration of H-montmorillonite with 
·NaOH can be plotted semilogarithmically (pH on the 
Fnear scale against volume of titrant on the logarith
mic scale) to yield three apparoximately straight lines 
intersecting at the two points that represent the neu
tralization of two clay acids. It has been suggested 
that the first, or c- acid, represents the neutralization 
of the interlayer positions, and the second, or E- acid, 
represents the neutralization of the edge positions 
(Garrels and Christ, 1956). Figure 229.1 shows such 
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MILLIVOLT READING WITH SODIUM-SENSITIVE ELECTRODE 

1. 5 ,---=1. 2:;:;.;0"';-,---9;.;:;8--,--..:.,.76~-.----=.54.:...,_-,--__..::.3;:::-2 -.---=1r-O-,.--~-.,.---, 
TABLE 229.1.-Comparison, of readings, in, millivolts, with elec

trodes of calomel and sodium sensitive glass w.nd with sodium 
val1tes (f;eterrnined by ftarne photornett·y 

pH 

4.80 ______ _ 

5.30_ ------
5.25-------
5.8o ______ _ 
6.00 ______ _ 
6.10 ______ _ 

6.15_ ------
6.00_-- ----
6.40_ ------
6.55_ ------
6.65 ______ _ 

6.70--~----

6.80_ ------
7.00 ______ _ 

7,40_ ------
7.60 ______ _ 
8.25 ______ _ 

8.35_ ------

[Analyst, Dorothy Carroll] 

N a N a electrode 
mlllimoles millivolts pH 
per liter 

0.53 
. 55 
.60 
. 55 
. 55 
. 69 
. 70 
. 70 
. 76 
. 70 
.90 
.98 

1.4 
1.8 
2.0 
2.4 
2. 4 
2.5 

89 8,5()_- -----
109 8.60 ______ _ 

104 8.60-------
120 8.65 ______ _ 
120 8.75 ______ _ 
120 8,80 ______ _ 
122 8,90 ______ _ 
104 8,90 ______ _ 
118 8.75 ______ _ 
118 9.05 ______ _ 
118 9.05 ______ _ 

118 9.10---~---
116 9,10 ______ _ 
113 9.05 ______ _ 
104 9.20 ______ _ 
91 9.20 ______ _ 
69 9.45 ______ _ 

61 

N a N a electrode 
millimoles millivolts 
per liter 

3. 5 
3.8 
4. 2 
4. 2 

4.8 
5. 7 
6.4 
7.0 
7.0 
7.8 
7. 2 
8.8 
9.1 

11 
11 
11 
19 

53 
51 
45 
42 
38 
35 
31 
31 
31 
24 
25 
22 
20 
18 
18 
15 
7 

a constant sodium concentration in the supernatant so
lution in equilibrium with the clay. As the· second acid 
is neutralized this is no longer true, and the millivolt 
reading therefore changes more rapidly with· addition 
of sodium _hydroxide. Studies are now under way 

'-~-'-s~.~~"-=.o:--'--=-a."='o---'-g=-".o=---'--=1~o-=-.o--'---"---:-17--L-=-o-'--=1:-::!2.o which, it is hoped, will elucidate this phenomenon. 
pH 

J!"'Ioum~ 229.1.-Semilogarithmic plot: of pH and. potential dif
ference .. readings be1tween ·a sodium-sensitive glass electrode 
nnd u calomel electrode for the titration of a montmorillonite 
with sodium hydroxide. Dots represent pH; X 's .repre~nt 
Na-millivolt readings. 

a titrtttim1 for a· montmorillonite frmn c'hambers, Ari~ 
zona (J\.P.I. Standard No. 23, }(err and others, 19.50). 
In n.ddition to. the pH values, millivolt readings from 
n, Beckman 78137V Experimental Cationic-sensitive 
Glass Electrode/Calomel couple are also plotted on a 
semilogu.rithmic scale. It can be seen that again, ex- ' 
cept for abnormality at the low end of the curve, three 
approximately straight lines are formed which inter
sect at the two points representing the neutralization 
of the clay acids. The abnormality at the low .end, 
where there is very little sodi{lm in solution~ m~y be 
due to the high sensitivity of the electrode to minute 
amounts of sodium in this region, or may be caused by 
pH effects. Tltble 229.1 relates millivolt readings to 
sodium content determined by flame photometry. 

Though it is yet too early to draw firm cmwlusions, 
figure 229.1 indicates that as the first clay ~wid i!?. I~eu
tralized virtmilly . ·all the sodium added is taken up 
from the solution. This is shown by the marked steep
ness of the sodium cu~·ve in this regio~~ whicl~ indicate~ 
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230. PRECIPITATION OF SALTS FROM SOLUTION BY ETHYL ALCOHOL AS AN AID TO THE STUDY OF 
EVAPORITES 

By R. A. GULBRANDSEN, Menlo Park, Calif. 

If the origin of evaporites is to be well understood, 
accurate and extensive data must be obtained regard
ing the composition of sea water and other natural 
saline solutions and the salts precipitated from them at 
various stages of eva-poration. One of the chief rea
sons why these data are not available arises from the 
mechanical difficulties encountered in performing care
fully controlled and detailed evaporation experiments. 
Evaporation itself, apart from its exasperating slow
ness, creates a difficult problem by causing precipitation 
on the · sides of the container, and the ·difficulty is 
increased by the strong tendency of highly saline solu
tions to creep up the walls. Such difficulties are avoided 
by a method in which ethyl alcohol "extracts" water 
from the solution. The process is analogous to evapora
tion, and causes precipitation of the salts. 

The method is based on the well-known "salting-out" 

or "solubility-depressant" effect, which is due to the 
comparative insolubility of salts in one member of a 
pair of completely miscible liquids. In this case the 
two liquids are water and ethyl alcohol, and the in
organic salts soluble in water solutions are essentially 
insoluble in ethyl alcohol. The addition of ethyl alcohol 

· to a saline solution, therefore, reduces the salts' solu
bility and causes precipitation. 

Some of the .principal salts are precipitated from 
sea water by this method in the same sequence as 
they would be by evaporation. Gypsum precipitates 
abundantly when the ethyl alcohol content of the solu
tion is about 35· percent by volume, and halite begins 
to be precipitated when the content is about 65 percent. 
Although the method appears promising at this point, 
much testing remains to be done before its usefulness 
and applicability are established. 

231. A GAMMA-RAY ABSORPTION METHOD FOR THE DETERMINATION OF URANIUM IN ORES 

By ALFRED F. HoYTE, Washington, D.C. 

Work done in cooperation with the U.S. Atmnic Energy Oommi8sion 

The conventional method of determining the uranium 
content of rocks by radioactivity measurements yields 
a value for equivalent uranium-that is, the amount of 
uranium that would produce the observed radioactivity 

if perfect equilibrium existed. _Many ores and mine
rals, however, are out of equilibrium, and where that 
is true this method fails to show the actual amount of 
uranium present. An attempt has therefore been made 
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to devise a new, nondestructive, radioactivity method of 
uraniun1 analysis that would be virtually independent 
of the state of equilibrium of the _sample. 

Eichholz and others (1953) described a method which 
they claim is capable of making ura.nium analyses ir
respective of the equilibrium condition of the uranium 
and its daughter products in the sample, and they have 
shown that this method works satisfactorily for most 
Ca.nadian ores. It has recently been found, however, 
that this method gives erroneous results when applied 
to certain disequilibriated ores from other localities. 
This is so because the assumptions made regarding 
source of radiation and type of disequilibrium are not 
always valid. 

In the hope of devising a method free from these 
objections, I have experimented with beta- and gamma
ray counting methods, both of which are easily applied, 
n,nd found that the· gamma-ray method was most 
successful. 

U 238 is an alpha emitter and cannot be conveniently 
measured directly. The method must therefore be 
capable of measuring a daughter product that is known 
to be in equilibrium with uranium. The first two 
da.ughters of U 238 are Th234 (Tlh=24.1 d) and Pa234 

(Tlh=l.18 m). Secular equilibrium is assured because 
both of these nuclides have very short half-lives. The 
third daughter product, U 234

, has a half-life of Tl/2 =25 
X 105 y, which is too ·long to assure equilibrium. The 
93 kev gamma-ray peak from Th234 was therefore used 
for the determination of uranium. 
Witl~ the Na.I(Tl) crystals currently available, it is 

difficult to resolve the 93 kev (Th234
) and the 68 kev 

(Th230
) peaks, and it is virtually impossible to resolve 

the Compton peak, a gamma ray of energy about 80 kev 
produced in the crystal by the radium-226 gamma ray 
of energy 188 kev. 

The solution, then, would seem to lie in so setting the 
pulse-height selector as to detect only three peaks. 
Absorption of the gamma rays in various metals could 
then be used to formulate a method for determining· 
the uranium content. 

DESCRIPTION OF APPARATUS 

The scintillation detector consists of a N al ( Tl) 
crystal optically coupled to an RCA 5819 photomulti
plier tube operated at 1200 volts. 

The negative pulses emitted by the photomultiplier 
(the amplitude of these pulses being proportional to 
the energy of the incident gamma-ray) are fed into a 
linear nonoverload amplifier, and these pulses are 
amplified so that they fall within the range of the pulse
height analyzer. 
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FIGURE 231.1.-The unresolved peak (68 kev, 80 kev, 93 kev). 

The pulse-height analyzer is an instrument that 
measures the number of pulses per unit time of magni
tude V volts as a function of V (Birks, 1953)-in other 
words it plots N (V) against V. Figure 231.1 is a plot 
of the unresolved peak made by means of this pulse
height analyzer, which was a single-channel one. To 
calibrate this instrument I used the 1.17 Mev and 1.33 
Mev peaks from cobalt-60, the 0.67 Mev peak from 
cesium-137, and the 0.08 Mev peak from thorium-228. 
I checked the apparatus once a day for drift by plotting 
the distribution of some known peak. 

The sample of ore to be assayed is crushed to powder, 
thoroughly mixed, then put into a cardboard pillbox 
two inches in diameter that has previously been 
weighed. The weight obtained for the sample is cor
rect to 0.1 milligram. 

THE METHOD 

It is assumed that the counting rate (counts per min
ute per gram) of a sample at a given setting of the 
pulse-height analyzer is directly proportional to the 
percentages of (a) uranium, (b) equivalent thorium, 
and (c) equivalent radium in a sample of ore, where 
the equivalent of any daughter product is the amount 
of uranium that would be required in the sample to 
support it (Rosholt, 1957). 

To check this assumption, a sample that is in radio
active equilibrium and two other samples that are out 
of equilibrium to a known extent were used to deter
mine (a) the uranium counting rate, (b) the thorium 
counting rate, and (c) the radium counting rate in each 
of these samples. By using this information on these 
three standards a system of equations was developed, 
and the theoretical counting rates of several other sam-
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pies were computed from the known . radiochemical 
data. As shown in the. following tabulation, the re
sults are i~1 good agreement with the measured count
ing rates: 

Composition (percent) Total number of counts 

Sample. 
per minute per gram 

u Th Ra Calculated Experimen-
tal 

229176 ___ 3. 02 15 14. 7 58. 9 59. 1 
229184 ___ . 75 8. 76 6. 07 26. 1 26. 8 
253133 ___ .3 9. 12 6. 62 27. 6 27.4 
211894_-- . 01 5. 85 5. 17 19. 9 21. 4 
234600 ___ 2. 01 2. 02 1. 99 11. 7 11. 5 
234601__-_ . 61 . 59 . 24 2. 3 2. 13 
234052_-- . 13 . 091 1. 90 10. 61 10.43 
248147 ___ 17 13. 9 13. 2 87. 13 85. 92 

ABSORPTION IN LEAD 

As the counting rates for uranium, thorium, and ra
dium have been computed and checked in a large num
ber of samples, it is possible to get a relationship from 
them that enables one. to determine quantitatively the 
t~bsorption of each of the three radiations in lead. 

A number of other absorbers have been tried, but 
lead was chosen as. most desirable because of its k
absorption edge at 88 kev, which greatly attentuates 
the 93 kev peak of. thorium-2'34. 

For a given thickness of absorber, let the ratio be
tween transmi~ted (I) and incident (Io) radiation be 
as follows: 

I 
for 93 kev r=P, where 

0 

p = U counts per minute per gram with absorber 
U counts per minute per gram without absorber 

Similarly for the 68 kev peak ( thorium-230) 
I 

put Io =q, 

and for the 188 kev peak put 

I 
Io =r. 

Thus for the standard sample it may be shown that 

pNu+qNTh=rNRa=Nn (1) 
where N n is the number of counts per minute per gram 
with absorber. 

Similarly for the first sample, which is out of equilib
rium, the equation is 

paN u + q'bN Th + ncN Ra = N n (counts per minute per 
gram) (2) 

and for the second 

pxN u + qy NTh+ rzN Ra = N n'' (3) 

from equations ( 1) , ( 2) , and ( 3) it is possible to deter
mine the values of the coefficients p, q, and r. 

From the nature of the equations it is obvious that p, 
q, and r are really the transmission coefficients for the 
radiations from the three nuclides-uranium, thorium, 
and radium respectively. These values can readily be 
checked by using the tables in the Handbook. 

To derive three equations in three unknowns ( ura
nium, thorium, and radium), one needs but to measure 
the transmission coefficients for two thicknesses of ab
sorber. With some refinement, this method can be used 
.to determine the amounts of U, Th, and Ra in the 
sample. 

The system of equations thus obtained should be as 
follows (units are in counts/minute/gram) : 

Nu+ NTh+ NRa=C' 
aNu+ f3NTh+yNRa=C'' 
tN U + 'IJN Th +.AN Ra = C''' 

(a~ {3, y, t, '1], .A) are the measured transmission 
coefficients. 

It is then possible to determine the number of counts 
per minute per gram due to each component of .the ra
diation. A calculation of the ratios of the counts in the 
sample to those of the standard will give a determina
tion of the percent uranium, percent equivalent thorium, 
and percent equivalent radium in the sample; the equa
tions are as follows : 

Percent U sample= 
Uranium counts per minute per gram of sample 

Uranium counts per minute per gram of standard 
X percent U of standard 

CONCLUSION 

The method gives good results with samples of ura
nium content of about 0.30 percent or more, as is shown 
in the following tabulation: 

Sample eTh23o eRa U (chemical) U (this method) 
(percent) (percent) 

F-30063 __ - ---------- ---------- 0. 280 0. 283 
253133 _____ 9. 12 6. 62 . 300 . 296 
F-18734 ___ ---------- ---------- . 32 . 369 
F-30016 ___ ---------- ---------- . 55 .'590 
F-2003L __ ---------- ---------- . 68 . 614 
229184 _____ 8. 76 6. 07 . 75 . 713 
229176 _____ 15. 0 14. 7 3. 02 2. 96 
248147----- 13. 9 13. 2 17.00 17. 40 

The method is unreliable, however, for samples that 
contain less than 0.30 percent U. The reason for this, 
in our opinion, is the instability of the equipment. In 
trying to recheck some. of the counts, the magnitude of 
the error in the total number of counts per minute per 
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gram was much greater than the number of counts that 
would be produced by the uranium in the sample, and 
it is therefore obvious that the uranium counts could 
easily be lost. 

As there is a large error in the channel width of the 
pulse-height selector, the method should be improved 
by omitting this part of the equipment and using only 
a lower discriminator. A thin crystal should be used 
to eliminate ti1e higher energy gamma rays. 
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232. METHOD OF GRINDING CESIUM IODIDE CRYSTALS 

By PRUDENCIO MARTINEZ, Washington, D.C. 

Work done in ooop&ratwn w ith the U.S. Atomic Energy Commisswn 

For scintillation counting, it has been found that 
the resolution of cesium iodide for alpha particles is 
a function of the thickness of the scintillator. For 
this work, unmounted crystals ranging from 75 microns 
to 12 millimeters in thickness were required. As cesium 
iodide is very soft, it is difficult to grind and polish this 
material into very thin crystals by ordinary lapping 
methods. A brief description of the equipment and 
technique used to prepare thin unmounted crystals of 
cesium iodide and other soft crystalline material is 
giVen. 

A minature lap shown in figure 232.1, was constructed 
for this work. During the grinding operation, the 
crystal blank is held in a jig as shown in figure 232.2. 
The crystal jig consists of a brass cylindrical housing 
into which the crystal blank is inserted, and a brass 
plunger that fits into the housing exerts a pressure 
against the crystal. It is necessary to provide a groove 
above the crystal end of the plunger to collect any excess 
grinding compound which may ooze past the edge of the 
crystal. Without the groove, the plunger tends to bind 
against the housing. When in operation the crystal 
jig rests on the lap and bears against two miniature ball 
bearings mounted on a perpendicular V-block. The 
bearings allow the jig to rotate uniformly during the 
grinding operation. 

The crystal blanks were cut and faced on a lathe be
fore lapping. In the lapping operation, a grinding 
paste made of ten- to fifteen-micron carborundum 
powder and light machine oil was used. Final polish-

3 INCHES 

FIGURE 232.1-The minature lap showing jig in operating 
position. 

ing of the crystal after grinding was done with ethylene 
glycol. A glycol soaked wad of cotton is rubbed gently 
over the crystal which is then wiped dry with another 
piece of cotton. The crystal should not be rubbed with 
glycol any longer than 15 or 20 seconds. Polishing takes 
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I INCH 

FIGURE 232.2.-Exploded view of crystal blank and jig. 

place because of the partial solubility of Csl in glycol. 
Prolonged exposure to glycol will dissolve too much 
of the crystal, causing unevenness of the surface as well 
as feathering of the edges. 

Owing to the softness and solubility of Csl, it is 
possible to handle the crystals manually only down to 
about 0.25 mm in thickness. Below this thickness, frac
ture of the crystal is probable, and a 75 micron thick 
crystal, for instance, will dissolve significantly if ex
posed to moist hands. To circumvent the problem of 
handling crystals thinner than 0.25 mm two vacuum 
handling devices as shown in figure 232.3 were made. 
The vacuum that can be produced by mouth is sufficient 
to operate them. If toxic hydrocarbons such as xylene, 

FIGURE 232.3.--The vacuum manipulator and pad. 

toluene, or benzene are to be used for washing the grind
ing compound from the crystal, these devices should be 
operated with a rubber bulb. 

Crystals having thicknesses greater than 0.25 mm can 
be measured directly with a micrometer. For measur
ing crystals below 0.24 mm a dial gauge can be placed 
above the center of the plunger and the thicknesses of 
the crystal can be read directly as the grinding opera
tion progresses. When the grinding is finished, the 
whole jig is slid off the lap and placed upside down on 
a table. The crystal is now supported by the plunger 
and protrudes from the housing. The vacuum holder is 
then used to transfer the crystal to a beaker containing 
the solvent. After the washing is completed, the 
crystal is deposited on a wad of cotton to dry. If polish
ing is required it can be done on the vacuum pad. For 
very thin crystals it is better to use cotton wrapped on 
a stick instead of a cotton wad as described earlier. 
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