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GEOLOGICAL SURVEY RESEARCH 1969

RECONNAISSANCE GEOLOGY OF THE MOUNT EDGECUMBE
VOLCANIC FIELD, KRUZOF ISLAND, SOUTHEASTERN ALASKA

By DAVID A. BREW, L. J. PATRICK MUFFLER,
and ROBERT A. LONEY, Menlo Park, Calif.

Abstract.—The postglacial Mount Edgecumbe volcanic field
contains at least 14 rock units ranging in composition from
olivine-augite basait to augite-bearing quartz latite. Mesozoic
graywacke and slate and Tertiary granitic intrusions underlie
the gently dipping basalt which forms the base of the pile.
Andesite and basaltic andesite overlie the basalt near Mount
HBdgecumbe and, in turn, they are probably overlain by the
dacitic rocks which make up the composite cone of Mount
KEdgecumbe proper and by dacite flows and cinder cones on its
southwest flank. Mount Edgecumbe and a nearby remnant of
a similar cone are cut by latite domes. The remnant is now
the site of a caldera 1.6 kilometers in diameter and 240 meters
deep. Widespread dacite(?) lapilli and ash probably resulted
from explosive eruptions during the formation of the composite
cones. Nine chemical analyses define a smooth compositional
trend that correlates with the relative age of the map units.
The magma series is calc-alkaline and has a close relationship
to the high-alumina basalt series.

Mount Edgecumbe is an inactive volcano 26 kilo-
meters west of Sitka, Alaska (figs. 1, 2, and 3). The
mountain is part of a Pleistocene and Holocene volcanic
field that covers about 260 square kilometers on the
southern end of Kruzof Island. The field consists of
gently dipping flows, composite cones, and air-fall
ash and lapilli. Augite basalt seems to be the most com-
mon rock type; olivine basalt, basaltic andesite, hy-
persthene dacite, and quartz latite are also present.

With the exception of Quaternary(?) vents on Li-
sianski Inlet, Chichagof Island (Rossman, 1959, p.
186), there are no known Holocene volcanic areas
within 240 km of Mount Edgecumbe (Brew, Loney,
and Mufller, 1966). The scattered vents of interior
British Columbia are 240 to 320 km away (Little,
1962) ; those of southern southeastern Alaska are 320
km distant; and the voleanic seamounts of the Gulf
of Alaska, a few of which could be Holocene, are also
at least 320 km away. The volcanic field is far distant

from those in the Aleutian Islands (Coats, 1950) and
the Wrangell Mountains (fig. 1).

The Mount Edgecumbe volcanic field is closer to
the continental margin (as defined by the 100-fathom
contour) than are the volcanoes of the interior con-
terminous United States, Canada, and Alaska, and is
even closer than most Aleutian volcanoes (fig. 1). Thus
the Mount Edgecumbe field may provide an informa-
tional link between the continental volcanoes and the
voleanic seamounts of the Gulf of Alaska (Engel and
Engel, 1963).

Unsubstantiated (and probably inaccurate) accounts
of volcanic activity at Mount Edgecumbe within his-
toric time have been summarized by Becker (1898, p.
13). Two radiocarbon dates provide evidence about
the absolute age of the major eruptions of Mount
Edgecumbe. One date, from peat underlying an ash
Jayer near Juneau, suggests that large-scale ash and
lapilli eruptions from Mount Edgecumbe occurred about
9000 Before Present (Heusser, 1960, p. 97, 184). This
date is in good agreement with one of 8750==300 B. P.
for rooted wood at the base of a peat layer that over-
lies the Mount Edgecumbe ash at Sitka (R. W. Lemke,
UJ.S. Geological Survey, oral commun., 1966).

The Mount Edgecumbe volcanic field has been visited
by few geologists. William Libbey, Jr., a geographer,
visited the field in 1884 (Libbey, 1886, p. 283-286),
and H. F. Reid climbed Mount Edgecumbe in 1892
(Cushing, 1897). F. E. Wright, of the U.S. Geological
Survey, climbed the volcano in 1904 and studied some
of the rocks but never published his results. Adolph
Knopf, also of the Geological Survey, visited the east
side of the field briefly in 1910 (Knopf, 1912, p. 14) and
described a specimen of the most common flow rock.
Berg and Hinckley (1963, p. O14-015) mapped the
northeast corner of the field and described the major
features briefly.
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PETROLOGY AND PETROGRAPHY
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FieurE 1.—Map of northeastern Pacific region, showing location of some Plio-Pleistocene, Pleistocene, and Holocene volcanoes (x),
voleanic seamounts (o), 100-fathom contour (short dashes), and outline of figure 2.

The present study is based on reconnaissance mapping
of the shoreline in August 1961 by R. A. Loney and
D. A. Brew, with some additional data provided by
H. C. Berg and J. S. Pomeroy, and on reconnaissance
mapping of the shoreline and island interior in June
and August 1962 by D. A. Brew and L. J. P. Muffler.
A preliminary photogeologic map of the island was
compiled by J. S. Pomeroy and combined with field
data by L. J. P. Muffler in 1962. Preliminary petro-
graphic examinations by H. C. Berg in 1961 were used
in the preparation of a preliminary map covering the
area (Loney and others, 1963). The petrographic
studies were completed by D. A. Brew. Some prelimi-
nary results of our studies were reported by Brew,
Muftler, and Loney (1966).

In the petrographic study of the Edgecumbe Vol-
canics, flat-stage methods were used in examining both
thin sections and grain mounts. Precise mafic mineral
determinations have not been made, although refractive
indices of olivine and clinopyroxene were measured in
some specimens. Determinative curves from Troger
(1959) were used. Plagioclase compositions were ob-

tained from extinction-angle data and checked in high-
dispersion oils, using the method of Emmons and Gates
(1948) and the curves of Tsuboi (1923). Modal values
were estimated visually from thin sections. The vol-
canic rocks were classified by means of Peterson’s (1961)
criteria. In addition, the rock names are modified by
prefixing the names of the most important mafic min-
erals in the specimen. Thus an olivine-bearing augite
basalt is a basalt containing more than about 10 percent
augite and less than 10 percent olivine in the pheno-
crystic and groundmass phases taken together. Nine
chemical analyses were obtained to verify the composi-
tional classification of critical specimens and to provide
a basis for better comparison of this volcanic field with
others. Semiquantitative spectrographic analyses for 50
elements were also obtained from these nine specimens
(Heropoulos and Mays, 1969).

This brief report cannot do justice to the complicated
eruptive and petrogenetic history of the Mount Edge-
cumbe volcanic field, but it summarizes our present
interpretations and hopefully will encourage a detailed

study of the area.















BREW, MUFFLER, AND LONEY

Several significant petrographic features common
to all specimens are not shown in table 1 and are
therefore noted here. Plagioclase phenocrysts common-
ly are progressively zoned over a range of 30 percent
An from core to rim with conspicuous oscillatory
zoning near the rims. Their composition in table 1 is
representative of the “outer core” and is practically
an average for the phenocryst. In some of the speci-
mens, the phenocryst outlines are irregular owing to
reaction with the groundmass material after crystalli-
zation or with the magma.

Another striking feature of some of these basalts is
the presence of glomeroporphyritic clots of plagioclase
and mafic crystals as large as 1 cm in diameter.

Minerals derived from olivine after crystallization
are described in table 1 simply as an orange-brown or
red-brown secondary mineral. Probably this late pro-
duct is “bowlingite” or “iddingsite.” Chlorophaeite
present in a few specimens is included with the glass
in table 1.

Three samples (61ABd720, 61ABd725b, and 61ALy-
566) of the “oldest flows” were analyzed chemically
(columns 2, 3, and 4, table 2).

Basalt and breccia—A lithologically distinct unit
consisting of volcanic breccia overlain by dense massive
lava flows is exposed in two areas along the east
shore of Kruzof Island. Between Port Krestof and
Mountain Point the unit rests uncomformably on horn-
fels derived from the Sitka Graywacke. South of Inner
Point the unit has been interpreted from photogeologic
evidence to rest on the “oldest basalt flows,” but the
evidence is poor. The stretch of shore separating the
northern and southern exposures is made up of horn-
fels overlain by “oldest basalt flows.”

The relations of the “basalt and breccia” unit to
the other rock units in the volcanic field are not clear
from the available reconnaissance data. The umit is
considered younger than the “oldest basalt flows” (fig.
5) and probably older than the “older unsampled
flows,” but could antedate or be coeval with the “oldest
basalt flows” unit.

The Tower part of the “basalt and breccia” umit is
volcanic breccia consisting of bomblike or pillowlike
fragments of vitrophyre and dense nonvesicular slight-
ly porphyritic olivine basalt as much as 75 em in maxi-
mum dimension in a poorly sorted matrix of irregular-
ly shaped breccia fragments and tuff. The breccia is
variable in thickness and locally contains fragments
that appear to be weathered fine-grained graywacke;
this latter feature suggests that subaerially weathered
debris was incorporated in the breccia during move-
ment. The “basalt and breccia” unit may have been
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erupted, at least in part, from a dissected cone about
2.4 km northwest of Mountain Point.

Flows of olivine basalt compositionally similar to
the large fragments in the breccia overlie the breccia.
The flows are subhorizontally layered, massive, dense,
fine grained, and generally nonvesicular. In places ero-
sional remnants of the flows rise above the breccia and
superficially resemble dikes.

The augite-bearing olivine and olivine-augite basalts
are characterized by the absence or near absence of
vesicles and phenocrysts (table 1). The available petro-
graphic data suggest that this unit may contain a
variety of rock types and, perhaps, compositions. One
sample (61ABg734d) from the “basalt and breccia”
unit was analyzed chemically (column 1, table 2).

Andesite—A distinctive unit of subhorizontal ande-
site flows is well exposed along the shore near Lava
and Goloi Islands and on St. Lazaria Islands (fig. 4).
These flows probably came from near Mount Edge-
cumbe. The andesitic composition suggests affinity with
rocks of Mount KEdgecumbe rather than with the
“oldest basalt flows,” which the andesites are inter-
preted to overlie and which they resemble in outcrop.

The unit consists of nonvesicular, highly porphyritic,
dark-gray olivine-bearing hypersthene andesite or ba-
saltic andesite flows a few meters thick. The andesites
have excellently developed joint columns about 30 cm
in diameter that are oriented perpendicular to flow
surfaces. The andesite flows are also characterized by
abundant domes as much as 15 m across and a few
meters high, and the columns appear to radiate from
many centers beneath the domes. Locally the flanks of
the domes dip as steeply as 40°.

Petrographic features of the andesite (table 1) in-
clude the following: abundant broken plagioclase
phenocrysts and microphenocrysts that are partly re-
placed by an epidotelike mineral, synneusis-twinned
plagioclase phenocrysts, glomeroporphyritic clots of
plagioclase and locally corroded pigeonitic augite, hy-
persthene apparently intergrown with clinopyroxene
and plagioclase, and rare quartz xenocrysts.

One sample (61Ly571) of this andesite unit was
analyzed chemically (column 6, table 2). Comparison
of the analysis with Nockolds’ (1954) averages suggests
that the rock is best called an andesite.

Basaltic andesite—Low on the southwest flank of
Mount Edgecumbe are rocks mapped separately (fig.
1) as basaltic andesite. The flows probably originated
from now slightly dissected cinder cones at elevations
between 700 and 1,200 feet and spread over the south-
western part of Kruzof Island. They rest on the “oldest
basalt flows” unit on the south side of the island and
between Engano Point and Neva Bay on the west side
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TABLE 1.—Petrographic characteristics of thin-section specimens from
[Specimen locations shown on figure 4. Asterisk (*) indicates chemically analyzed specimen. Abbreviations—General: Comp., composition; Tr., trace; V, very. Mineral:

m, medium;

Texture Composition (percent)
Specimen Rock General Specific Average phenocryst size Plagioclase Olivine
No. name (percent) (mm)
Phenocrysts Groundmass Phenocrysts
Pheno- Plagio- Pyrox- An An Fa
Vesicles crysts Wholerock Groundmass clase Olivine ene Total content Total content Total content
OLDEST BASALT FLOWS (ob)
Typical flows
61ABd720%. .. Vesicular porphyritic =25 42 Porphyro- Intergranular 1X3 0.6 ... 30  50-60 46  50-55 8 5-10
%livaiﬁe-beaﬂng augite aphanitic.
asalt.
61ABd721b.....__. s =15 25 ... do...__.. Intergranular  1X5 IXL7 .. 22 57 52 57 3 12-15
to micro-
ophitic.
62ABdA5. .. ... (& (o T, =30-40 40 ____. do._.____ Intergranular 1X3 0.6 ... 35 61 30 48 5 15-25
62ABdA4. . Vesicular porphyritic =35 28 ... do......__._. do.___..... 0.8X3.5 0.5 .. ... 25 62 35 54 3 15-20
augite-olivine basalt.
Less typical breccia fragment
61ALy565a. .. Vesicular gorphyritlc =10 10 Porphyro- Intergranular 1X3 2 . 6 60 47 60 3 20-23
o 1vine- aring augite aphanitic.  to felty.
Other flows
61ABd722a._. Vesicular porphyritic =20 22 Porphyro- Intergranular 0.5X1 (18 S 12 70 15 54 10 15
olivine-augite basalt. aphanitic. :;1;;1: aflni:er-
61ALy566*. .. Vesicular microporphyritic =10 ... Micropor-  Felty inter- .o ... 5 48 55 51 3 15
augite-olivine basalt. phyro- granular to
aphanitic.  intersertal.
61ABd725b*__ Vesicular microporphyritic =15 ... .. do._..... Intergranular _.._._ ______________.________ 2 60 56 48 3 10-15
olivine basalt. to inter-
sertal.
BASALT AND BRECCIA (bb)
61ABg734a*. . Olivine-pigeonitic augite ... _.__... Aphanitic_.. Microophitic ... o ol 53 50 oo
basalt. to inter-
sertal.
62ABd3...... Slightly vesicular por- =5 7 Vitrophyric. Hyalopilitic. .- ----.-- . 0.7-8.0 e 47 56 7 10-15
phyritic olivine basalt.
ANDESITE (aa)
61ALy571*.__ Porphyritic hypersthene _.._...____ 40 Vitrophyric. Hyalopilitic... 0.75 0,2-0.6 0.2-0.6 30 65 20 46 2 10-20
basaltic(?) andesite. 1
BASALTIC ANDESITE (ba)
61ALy567a*. . Porphyritic olivine- .. .____.. 20 Porphyro- Felty inter-  0.5X1 1 0.5 15 58 38 50 4 15-26
earing pigeonite aphanitic.  sertal.
basaltic andesite.!
6LALy567b. .. Porphyritic hypersthene- <2 25 . do....._. Felty inter- 2 0.7 0.6 18 60 49 54 5 10
bearing olivine basalt or granular.
basaltic andesite.
61ALy569a. __ Slightly vesicular =5 15 ._...do..__... Felty inter- 0.4X%0.8 0.9 ? 9 52 50 52 3 0-5
porphyritic olivine- sertal.
bearing pigeonite basalt
or basaltic andesite.
61ALy568c. .. Slightly vesicular <5 20 ... do....... Felty inter-  0.6X1 0.6 0.6 16 53 20 48?7 4 15
gorphyntic olivine- sertal to
earing pigeonite pilotaxitic.
Fasaltic andesite.
61ABd725¢c. .. Slightly vesicular 10 20 .. do....... Felty inter- 0.8 0.3 1.5 15 58 50 47-55 1 15
porphyntic olivine- sertal.
b igeonite?-
augite basaltic andesite.

See footnotes at end of table,
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the Edgecumbe Volcanics, Kruzof Island, southeastern Alaska
Pg, sub]calcic augite; Di, diopside; Hy, hypersthene; Au, augite; Mg, magnetite; Il, ilmenite; Hm, hematite. Color: or, orange; br, brown; gn, green; gy, gray; dk, dark;
1t, light

Composition (percent)

Olivine Clinopyroxene Orthopyroxene Opaque minerals Glass Secondary
minerals
Remarks

Groundmass Phenocrysts Groundmass Phenoerysts Groundmass

Descrip- Descrip-
Total Type Total tion Total tion

Fa
Total content Total Comp. Total Comp. Total Comp. Total Comp.

OLDEST BASALT FLOWS (ob)
Typical flows

1 12 4 Pg?._.. 9 Pgl e eaeees 1 Mg?... 1 . Tr. Orbr..

2 12-15 15 Tirieh i 3 Mg II? 3 Murky.. Tr....do..._. Probable reaction around
olivine.

3 15-25 5 Di?...

15 515 oo 1 ...do..... No reaction around

olivine.

Less typical breccia fragment

1 23 1 Di?... 25 AU 10 Mg?... 5 Devit- .. Possible reaction around
rified. olivine.

Other flows

Tr. 15 o 27 DA 20 Mg?... 10 . Tr. Red br.. No reaction around
olivine.

12 15-20 oo 12 @0 e 7 ...do._... 6 Dkbr, Tr. Gn,or- Olivine has magnetite+
murky. br. clinopyroxene rims;

microphenocryst
composition is given.

2% 10-15 .l [ N -+ GO 3 ...do..... 6 ...do. . Possible reaction around
olivine; micropheno-
cryst composition is
given.

17 10-15 . 20 Pgoo . 1 Hy...._. 5 Mg.... 4 Bl('l, gn, 1 Gn

32 Vdkbroo_...__..___...__. No reaction around

10 10-15 ol 4 - X
olivine.

2?7 Pl . 6 Hy._..... 5 Hy?..... 15  Mg?. .. 18 Dk.___._. 2 Murky.. 10 percent plagioclase
microphenocrysts
included with pheno-
crysts; 5 percent hyper-
sthene micropheno-
crysts included with
groundmass; one quartz
phenocryst noted.

BASALTIC ANDESITE (ba)

_________________ 1 Pg?.._ 25 Pgo . 2 Mg?._. 15 Br,gy¥, --------------__.. Olivine has clinopyroxene
murky. rims; excellent fiow
alinement around
phenocrysts.

47 s 1 Au... 15 Au... 1 Hy...__. 7 . 4 __.do.___. 3 Mbro....o. Olivine has clinopyrozene
rims; proportion of
orthopyroxene may be >
given; one exotic sphene
grain noted.

2o 3 Pgho.. 20 Pg.o._ .. 8 __.do...__ 15 Ltmbr. 1 Chloro- Possibly two generations

phae- of plagioclase pheno-

ite. crysts; olivine has
clinopyroxene+-
magnetite rims; 5
percent “late alkalies”
in groundmass.

R 4 Pg?.. 48 Pgt.. . .. 8 _..do._.. 8 MDbrooooo . Plagioclase and olivine
phenocrysts reacting
with groundmass.

""""""""" 4 Pg... 0 Au 10 ...do..... 10 Dkbr.................... Plagioclase, olivine, and
pigeonite phenocrysts
reacting with
groundmass.
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TABLE 1.—Pelrographic characteristics of thin-section spectmens from

[Specimen locations shown on figure 4. Asterisk (*) indicates chemically analyzed specimen. Abbreviations—General: Comp., composition; Tr., trace; V, very. Mi(rllieralz
m, medium;

Texture Composition (percent)
Specimen Rock General Specific Average phenocryst size Plagioclase Olivine
No. name (percent) (mm)
Phenocrysts Groundmass Phenocrysts

Pheno-
]

Plagio- Pyrox- An An Fa
Vesicles cryst: Whole rock  Groundmass clase Olivine ene Total content Total content Total content

DACITE (de)

62ABd446*___ Slightly vesicular =8 25 Porphyro- Hyalopilitic... 0.2 _....... 0.4 17 55 43 43 o ena
goapeg%’ri&i)czauglte aphanitic.
ndesite

DACITE FLOWS (df)

61ABd723a... Lineated porphyritic =~ __.______._ 5 Porphyro- Pilotaxitic.._.. ) 33 64 40 43 o iieieian-
pyroxene andesite or aphanitic.
trachyandesite.

61ABd723d*._ Porphyritic augite- ... ... 7 ... [ 0 S ¢ (s M S 54 78 40 35 aienaaa
hypersthene andesite or
trachyandesite. 2

61ABd724c. .. Vesicular porphyritic 20 4 __...do....... Hyalopilitic... 0.5%X1 ______._.__...____ 3 46 8 55 47 e
hypersthene-augite
andesite?

61ALy568_ ... Porphyritic hypersthene- ... __... 8 ... do.___... Pilotaxitic_.... 0.3X0.8 _...._.. 0.3X0.5 95 53 23 33 e
augite andesite or
trachyandesite.

QUARTZ LATITE DOMES (qld)

62ABd444*_ .. Banded porphyritic =2 5 Vitrophyric Felty hyalo- 0.5X1 ____.__. 0.3X1 4 46? 40 LY S
augite-bearing andesite pilitic.
or trachyandesite,10
VENT BRECCIA (vb)
61ALy729b___ Vesicular porphyritic 15 25 Porphyro- Intersertalto .. . ... ..... ..o.o.._..... 1110 50 36 3539 ...
augite-bearing andesite? aphanitic.  inter-
or trachyandesite? granular.
LAPILLI AND ASH (Ia)
61ABd719-1_. Pyroxene- and plagioclase- 40 5 Holohyaline_._.........._... 0.3%X1 . B e an
bearing pumice.
61ABA719-2__ Hyﬁrsthene- and 50 4 o 1 YA 2 k& S
Dlagioclase-bearing
pumice.

t Andesite on basis of chemical analysis.

2 Dacite on basis of chemical analysis.

3 Twenty percent microphenocrysts of Ans; and Anss (two generations).
4+ Two percent augite microphenocrysts also.

5 Ten percent microphenocrysts of Ans; and Angs also.

¢ One percent augite microphenoerysts also.
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as the Cascade Range (Hopson and others, 1967); (3) tailed petrologic model for the Mount Edgecumbe
the geographic isolation from other Holocene volcanic volcanic field. However, the available data do permit
centers eliminates problems of mixing or contamination a few tentative conclusions and a comparison with
with other magma series; and (4) the geomorphic other volcanic series.
features are varied and well preserved and consequently The chemical analyses (table 2) define a relatively
are useful in establishing stratigraphic succession. smooth compositional trend (figs. 9 and 10) that we
The reconnaissance nature of our fieldwork and the interpret as reflecting differentiation in a subjacent
lack of precise determinations of phenocryst and magma chamber. The trend from basalt to quartz
groundmass compositions preclude setting up a de- Iatite also correlates with sequence of eruption, as

TABLE 2.—Chemical analyses and CIPW norms of specimens from the Edgecumbe Volcanics, Kruzof Island, Alaska

[Analyses 1 and 3~7 by P. L. D. Elmore, S. D. Botts, Lowell Artis, D. Taylor, G. W. Chloe, H. Smith, and J. L. Glenn using rapid-rock techniques (Shapiro and Brannock,
1962) supplemented by atomic absorption. Analyses 2, 8, and 9 by A. C. Bettiga using X-ray spectroscopy for 8i0s, A1203, CaO (Nos. 8 and 9 only), TiOz, MnO, and total
iron, by L. B. Beatty using wet chemistry for FeO, MgO (No. 2 only), CaO (No. 2 only), Nas0, K20, H20+, H:0—, P20;, and COz, and by R. E. Mays using quanti-
tative spectrographic analysis for MgO (Nos. 8 and 9 only)]

BT S 11 T SO 1 2 3 4 5 6 7 8 9
Chemical analysis
SiO0s - o e 48.0 50. 0 51. 3 52.6 53. 8 56. 7 59.5 60. 4 69. 5
ALOs e 17.3 17. 4 18.1 18. 4 18. 1 17.7 17. 5 16. 9 15. 2
.1 2.3 2.0 2.8 L5 1.0 1.2 1.8 3.2
. 5 6. 2 6.1 5.5 6.1 6. 2 4.7 4.9 .33
. 6 7.1 6. 5 5.6 5.2 4.2 3.6 2.6 .42
.0 10. 8 10. 2 9.0 9.1 7.0 6. 8 5.5 2.3
3 3.4 3.3 3.4 3.8 3.5 4.2 4.8 50
.20 .25 . 47 . 40 1.3 .81 L2 2.1
12 .10 .12 04 . 08 09 .05 .25
26 .51 . 48 26 64 39 07 85
1.1 1.1 1.1 98 1.1 .74 96 32
30 .34 .35 39 40 .32 37 10
.18 .16 . 16 . 16 .15 .12 .13 .12
<.06 <.05 <.05 <.05 <.05 <.05 . 06 <. 05
99.4 100 100 100 100 100 99. 7 99. 7
Specific density:
Powder_ _ __ .. 294 ________ 2. 91 2. 88 2. 89 2.78 2,78 .
Bulk_ . 2.88 .. __ 2. 50 2. 60 2. 63 2. 69 2.48 ..
CIPW norms
.......................................................... 0.1 3.5 2.6 7.9 11. 1 11. 4 27.29
0.8 1.2 1.5 2.8 2.4 7.7 4.8 7.1 12. 4
21. 2 28. 8 27.9 28. 8 32.2 29. 6 35. 5 40. 6 42. 3
35. 6 3.6 33. 8 33.6 31. 1 28. 7 26. 5 21.0 10. 4
7.4 8.2 59 3.5 4.6 1.3 2.0 1.4 _____.__
11. 6 11.0 16. 2 13. 9 13.0 10. 5 9.0 6.5 1.0
4.5 50 80 6.3 86 9.0 6.6 6.2 ________
8.6 A T e
3.7 D2 S S UP U PP
3.0 3.3 2.9 4.1 2.2 1.5 1.7 2.6 .5
1.5 2.1 2.1 2.1 1.9 2.1 1.4 1.8 .6
.3 .7 .8 .8 .9 9 .8 .9 .2
<.1 <.1 <.1 <.1 <.1 <.1 <.1 .1 <.1
98. 3 99. 0 99. 3 99. 5 99. 6 99. 3 99. 5 99. 6 98. 6
14. 3 15. 9 11. 5 6.9 9.1 2.5 4.0 29 o _____.
9.2 8.3 18. 6 16. 9 17. 2 18. 2 13. 7 11. 2 1.0
12.3 00 o e

61ABg734a. Olivine-pigeonitic augite basalt from ‘‘Basalt and breccia’ unit.

61ABd720. Porphyritic olivine-bearing augite basalt from ‘““Oldest basalt flows” unit.

61ABd725b. Microporphyritic olivine basalt from ‘“Oldest basalt flows’’ unit.

61ALy566. Microporphyritic augite-olivine basalt from “Oldest basalt flows” unit.

61ALy567a. Porphyritic olivine-bearing Figeonite basaltic andesite from ‘Basaltic andesite’”’ unit.
. 61ALy571. Porphyritic hypersthene basaltic(?) andesite from “Andesite’ unit.

. 62ABd446. Porphyritic augite dacite from “Dacite and possible dacite’” unit.

. 61ABd723d. Porphyritic pyroxene dacite from “Dacite flows and associated cinder cones’ unit.

. 62ABd444. Porphyritic augite-bearing quartz latite from “Quartz latite domes’” unit.

OGO
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FeO + 0.9Fe,03 + MnO

Weight percent
VN N NV MgO

Na,0 + K,0 AV VAR VARV

Ficure 9.—AFM diagram comparing Mount Edgecumbe rocks with selected volecanic
rocks from the Pacific coast of North America. Open circles, Mount Edgecumbe
(numbers refer to columns of table 2). Closed circles, Mount Jefferson (Greene, 1968).
Open triangles, Mount Lassen (Williams, 1932). Closed triangles, aphyric lavas and
groundmasses, northeastern Umnak Island, Aleutian Islands, Alaska (Byers, 1961).
Open squares, magma types of Waters (1962); Y, Yakima type; PG, Picture Gorge

type; Al, high-alumina type from the Oregon Plateaus and Cascade Range.

deduced from the field criteria (fig. 5). The younger
rocks are closer to the AF side of the AFM diagram
(fig- 9) and richer in silica (fig. 10). The apparent
exception is No. 1, the basalt lowest in silica and high-
est in MgO. If the admittedly tentative stratigraphic
assignment is correct (p. D7), this sample was extruded
later than the “oldest basalt flows” (samples 2, 3, and 4,
table 2).

Many of the analyzed specimens from the Mount
Edgecumbe field are porphyritic, and, as Bowen (1956)
has emphasized, the composition of a porphyritic rock
may or may not represent. the composition of a liquid,
depending on the gain or loss of crystals during crys-
tallization. Smooth variation on diagrams such as fig-
ures 9 and 10 is commonly taken to indicate close ap-
proximation of the rocks to liquids. Efforts to correct
the Mount Edgecumbe chemical data for phenocryst
content, by use of data from table 1, scattered the data
points and considerably distorted the simple AFM
variation of the uncorrected analyses. We therefore
conclude that the porphyritic rocks closely approxi-
mate a liquid.

The chemical variation displayed by the Mount
Edgecumbe series is similar to that displayed by many
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Figure 10.—Variation of Na;,O-+K,O0 with SiO. in the
Edgecumbe volcanic series. Open circles, Na,0+K.0
uncorrected for phenocrysts. Closed circles, composition
of groundmass as calculated by subtraction of pheno-
crysts. Dashed lines are boundaries of magma series of
Kuno (1965). Numbers refer to columns of table 2.

circum-Pacific volcanic suites (fig. 11). The alkali-lime
index of the Mount Edgecumbe series is 60-61, thus
falling within the calc-alkalic subdivision of Peacock
(1931). This index is lower than that of the calcic High
Cascades magma series (61-64), but higher than that
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of the calc-alkalic Oregon Plateaus series (55-58;
LeMasurier, 1968).

The variation curve of the Mount Edgecumbe series
in the AFM diagram shows a relative low iron content
that is characteristic of calc-alkaline volcanic series
(Nockolds and Allen, 1953) (fig. 9). The data suggest
that the various calc-alkaline series plotted in figure 9
differ systematically in Fe/Mg+alk ratio, the Lassen
series having the smallest ratio and the Umnak series
the largest.
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Figure 11.—Variation of major oxides with SiQ; in the
Ecllﬁecumbe volcanic series. Numbers refer to columns of
table 2.

The differences among the series in figure 9 cannot
be evaluated simply, for the various series are not com-
parable as to the manner in which the phenocrysts were
treated in the evaluation of the raw analyses. The
variation curves for Mount Lassen, Mount Jefferson,
and Mount Edgecumbe are probably comparable, be-
cause they are for whole rocks, many of which are
porphyritie, and have not been corrected for phenocryst
content. The Umnak data, on the other hand, are from
aphyric lavas or have been corrected for phenocryst
content (Byers, 1961). Recalculation of the Mount
Edgecumbe data for phenocryst content reduces, but
does not eliminate, the difference between the Mount
Edgecumbe series and the Umnak series.

Interpretation of the Mount Edgecumbe data in the
framework of Kuno (1960, 1965) shows that all the
analyses fall within the high-alumina basalt series
(fig. 10). Correction for phenocryst content. and com-
position (as above) shifts all the analyses within the
high-alumina field. The exception, 61ABd720, is the
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sample rich in olivine and plagioclase phenocrysts. The
basalts of Mount Edgecumbe are also compared in fig-
ure 9 with the three basalt types of Waters (1962)
from the Columbia Plateau and Cascade Range in
Oregon. The Edgecumbe basalts are closer to his high-
alumina Cascade basalts than the Yakima and Picture
Gorge Basalts of the Colunbia Plateau.

The chemical correspondence of the Edgecumbe
basalts to high-alumina basalt is compatible with their
petrographic characteristics. However, neither the
chemical nor the petrographic data indicate definitely
whether the Edgecumbe basalts are alkalic basalt or
whether they are tholeiite, according to the criteria of
Macdonald and Katsura (1964). The “oldest basalt
flows” (p. D6-D7) contain sporadic phenocrysts
of olivine rimmed by grains of clinopyroxene and
magnetite. This apparent reaction relationship, to-
gether with the occurrence of at least some subcalcic
augite, suggests a tholeiite affinity when one uses the
criteria of Macdonald and Katsura. On the other hand,
the abundant groundmass olivine suggests an alkalic
affinity.
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CONCENTRIC STRUCTURE IN ELONGATE PILLOWS,
AMADOR COUNTY, CALIFORNIA

By WENDELL A. DUFFIELD, Hawaiian Volcano Observatory,

Hawaii National Park, Hawaii

Abstract.—A porphyritic pillow lava crops out in the pre-
Cenozoic bedrock complex of the western foothills of the Sierra
Nevada, Amador County, Calif. Its form and structures sug-
gest that the pillows are interconnected, and that they formed
on a slope when a magma-crystal mixture flowed into and then
through them as local rupture of chilled skins gave rise to new
pillows. Field evidence that suggests this mode of formation
is (1) the pillows are elongate, (2) their long axes are alined,
and (3) large tabular phenocrysts are uniformly parallel to
pillow walls from skins to cores. Both the concentric structure
and calculations which describe flow through a cylindrical con-
duit argue that the movement of material through the pillows
was effectively laminar. This mode of formation for pillows is
generally the same as that proposed by J. V. Lewis in 1914 and
J. G. Jones in 1968; the concentric structures within pillows
add new support for their idea.

Since pillow lavas were first recognized and de-
scribed, their genesis and significance have become
controversial topics, and multiple theories for their
origin have evolved (see Lewis, 1914 ; Zavaritsky, 1960;
and Snyder and Fraser, 1963).

This report describes a distinctive pillow lava whose
form and structures suggest a specific mode of forma-
tion. The interpretation developed is similar to the idea
of digital advance of a lava flow as suggested by Lewis
(1914) and Jones (1968), and, as Jones (1968, p. 487)
pointed out, this model probably has general applica-
tion to pillow lavas with certain morphologic and
structural features.

Acknowledgments—Norman MacLeod, Howard
Wilshire, and Robert V. Sharp reviewed the manu-
script and offered useful suggestions for its revision.
Robert V. Sharp was also a coworker in the field while
gathering data for this study.

GEOLOGIC SETTING

The pillow lava described in this report forms part
of the folded and faulted pre-Tertiary bedrock com-
plex of the western foothills of the Sierra Nevada

(fig. 1). It is one of the few mappable stratigraphic
markers in a steeply dipping section of volcanic rocks
which are sandwiched between Paleozoic( ?) and Juras-
sic(?) sedimentary and metasedimentary units. Vol-
canic rocks below (that is, west of) the pillow lava are
primarily breccias of augite porphyry. Those above it
are fine- to coarse-grained bedded tuftf and breccia, mas-
sive augite porphyry, and a digitated tabular body of
feldspar porphyry which is similar to the pillow lava in
many respects. Although the original mineralogy of
these volcanic rocks is generally altered, relict structures
and textures and fresh augite phenocrysts suggest that
the unaltered rocks were andesitic to basaltic in com-
position. Knopf (1929, p. 16) analyzed a massive augite
porphyry from a locality a few miles south of the pil-
low lava and reported that it had the composition of a
basalt.
DESCRIPTION OF THE PILLOW LAVA

The outcrop pattern of the pillow lava is cigar
shaped and trends nearly parallel to the contacts of the
larger voleanic unit within which it occurs. The maxi-
mum width of outcrop is 850 feet, the average width is
about 400 feet, and the length along strike is 3 miles.
As the entire volcanic unit forms a steeply dipping
homocline, width of outcrop is approximately equal
to stratigraphic thickness. The surface upon which the
pillows formed now strikes N. 25° W. and dips 70°-
80° eastward; flattened and draped bases of the pil-
lows, together with graded beds in the overlying tuffs,
show that the section has not been overturned.

Most. outcrops on drainage divides are small and are
separated by tens to hundreds of feet, and often only
part of a single pillow is exposed. Consequently, the
nature of the northern and southern terminations is
poorly known. For lack of compelling evidence to the
contrary, these terminations are assumed to represent
the original extremities of the lava rather than later
structural or erosional features. The most northerly
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EXPLANATION
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of relatively small scale turbulence) to “catch up”
these crystals and start them rotating toward a pre-
ferred position. A similar effect might be caused by
variations in the shapes of the crystals.

Test for laminar flow

If flow through the pillows was turbulent, the pre-
ferred orientation of phenocrysts remains unexplained
and the model is invalid. Intuitively, the preferred
orientation itself is strong evidence for laminar flow,
but with the data now available on viscosities of basaltic
and andesitic melts (see Clark, 1966; and Shaw and
others, 1968), an independent test for laminar flow may
be made by determining the probable Reynolds number
for basaltic magma flowing through elongate pillows.
To compute the Reynolds number, several simplifying
assumptions must be made. The calculations are based
on flow through a pillow with only a thin solid rind.
The effect of crystallization on the radius of the pillow
and consequently on the predicted type of flow can be
assessed by assuming progressively smaller radii, and
it is easy to show that the maximum radius provides the
critical limiting condition.An equation for the stream-
lined flow of an incompressible fluid through a circular
pipe is used. This equation is the Hagen-Poiseuille law
(see McAdams, 1954, p. 148; and Shaw, 1965, p.
137-138):

wPa*
Q=W 1)

where @ is the volume rate of flow for a fluid of viscosity
n through a cylinder with radius ¢ and length /, and P
is the pressure gradient which drives the flow.

The elongate pillows are good approximations of
cylinders, and the magma-crystal mixture must have
been nearly incompressible, although vesicles suggest
that a minor amount of exsolved vapor phase was
present during flow in some pillows. The pressure
gradient, P, is attributed entirely to the effect of
gravity on the vertical distance between the ‘‘top” and
“bottom’ ends of a pillow. This provides the minimum
pressure gradient, to which a force of extrusion might
add. However, if extrusion were very forceful, pillows
would tend to brecciate or perhaps never form.

The Reynolds number, R,, is related to the Hagen-
Poiseuille expression through

R,=22%, )

where p is the density of the fluid, and the other
parameters have their usual meanings. Combining
equations 1 and 2:

_pPd®
Re'_ 4’721 (3)
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The critical Reynolds number for circular pipes has
been determined experimentally and is about 2X103
(see McAdams, 1954, table 6-2). Thus laminar flow
should obtain for all values of R, less than 2103

For the pillows being considered here, equation 3 may

be rewritten as
P

Re zKZZ‘l’ (4)
where K is a constant. The density of the fluid (basaltic
to andesitic magma), making a very generous allowance
for uncertainty, should be between 2.0 and 3.0 grams per
cubic centimeter; and the radius, @, of a pillow is fixed at
about 50 centimeters by field data. Thus, to the nearest
order of magnitude, K is 10°.

The limiting condition for laminar flow may now be
tested by substituting 2X10® for R, and 10° for K in
equation 4. The expression reduces to

n2z50 B;
l
and since P=Ip sin 6, where 6 is the angle of the pipe
(elongate pillow) with the horizontal, the final expres-
sion is
72=100 sin 6. (5)
Discussion

Figure 5 shows the relationship of equation 5 graphic-
ally. All values of sin 6 and 7 on the convex side of the
curve are in the field of laminar flow. If the calculations
are valid for the pillow lava, then turbulent flow would
have been possible only if the viscosity of the magma
had been 10 poises or less—a very unlikely condition for
andesitic to basaltic lava somewhat below its liquidus
temperature. Most reported viscosities for andesitic
and basaltic melts range from 10° to 10° poises (see
Macdonald, 1963; Clark, 1966; Shaw and others, 1968);
Shaw and others (1968, p. 263), however, reported a
viscosity of 400 poises for an Hawaiian tholeiitic lava at
its liquidus (1,200°C) and 100 poises at 1,300°C. But
even these relatively low values do not violate the cal-
culated criteria for laminar flow.

The Hagen-Poiseuille equation assumes flow of an
incompressible Newtonian fluid through a smooth-
walled pipe at constant temperature; probably none
of these conditions was entirely satisfied as the pillow
lava formed—especially the condition of constant tem-
perature. For while magma flowed through a pillow,
there must have been a temperature gradient in cross
section and a steady decrease in absolute temperature
throughout. This situation would have caused a similar
viscosity gradient and an increase in viscosity through
time. Intuitively, such departures from the ideal con-
ditions for the calculations should not destroy a lami-
nar, velocity-gradient flow regime. They might actually
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F1GURE 5.—Graph of #2=100 sin 8. This ex-
presses the boundary between laminar and
turbulent flow through a pipe under the
conditions described in the text. The area
on the convex side of the curve is the field
of laminar flow. 5 and 0 are defined in text.

facilitate formation of flow structures by steepening
the velocity gradient over that of an isothermal envi-
ronment.

There are many other problem in connection with the
analysis of flow through the pillows. For instance,
the effect of water in a submarine eruption was pur-
posely ignored in the calculations; for even though field
evidence (such as associated marine fossils and graded
beds) suggests a submarine environment, it is not
conclusive. Pillow forms may also develop from sub-
aerial flows (see Jones, 1968, pl. 5). But with other
conditions being unchanged, the correction for an
eruption in water would increase the size of the field
of laminar flow, and therefore would not change the
implications of figure 5. At best, the calculations pro-
vide only a first approximation to the flow regime for
the pillow lava. Nevertheless the relatively low limit-
ing value of viscosity on the large field of laminar flow
suggests that turbulent flow would only have resulted
from rather exceptional conditions (such as super-
heated melt), and the geological evidence argues aginst
such an unusual situation.

Other considerations

The digital advance mode of formation assumes
feeder necks between pillows, yet the pillows of this
report show mno interconnections. Like the elusive
“ends™ of pillows, this may well simply result from
the type and limited amount of outcrop available for
study. However, if pillows never were joined, then at
least two other possibilities must be considered :
(1) Discrete pillow-sized bodies of lava were forcibly

erupted through water (or air).
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(2) Discrete pillow-sized bodies of lava were erupted

less violently and collected at the base of a slope.
With the former type of eruption, even if pillows were
originally elongate (an unlikely circumstance), it is
difficult to imagine how they would settle in a preferred
orientation rather than as a completely disordered
mass. With the latter type of eruption, elongate pillows
might indeed collect with their longest axes perpendic-
ular to the direction of slope. And even if the original
bodies were spherical, such spheres might deform into
elongate shapes as they roll down a slope—if they do
not first become too rigid.

But neither of these hypothetical types of eruptions
provides a good explanation for the concentric struc-
tures within pillows. Some investigators (Reid and
Dewey, 1908, p. 267; Lewis, 1914, p. 647) have sug-
gested that similar structures in other pillow lavas
were formed through ballooning—either by the exsolu-
tion of a vapor phase from the melt or by the continued
introduction of lava into the yet unruptured pillows.
As vesicles are volumetrically minor for the pillows
under examination here, inflation by a vapor phase
could not have been important ; and ballooning through
continued introduction of lava cannot account for the
fabric thronghout each pillow. A rolling-kneading
motion might produce a fabric parallel to the skins
of pillows. However for our purposes, virtually every
pillow would have had to roll or flatten enough to
orient the phenocrysts and to orient them equally as
well at the core as at the skin of the pillow.

It is also noteworthy that despite the proposed flow
of a magma-crystal mixture through elongate pillows,
there is no apparent concentration of crystals toward
the axes of the pillows, such as might be expected from
the experiments of Bhattacharji and Smith (1964) and
Bhattacharji (1967). This is perhaps due to the rela-
tively rapid cooling and crystallization that the pillows
must have experienced. This suggestion may be borne
out if future work shows that an axial concentration
of phenocrysts, which is thought to result from a
migration toward areas of relatively high flow velocity,
is found only in environments where cooling and crys-
tallization were slow compared to movement of ma-
terial through its geological conduit. It might also be
that flow through any one pillow or set of connected
pillows was not sustained long enough for axial migra-
tion to occur. But for the present, the apparent con-
tradiction remains unexplained.

CONCLUSIONS

I conclude that elongate pillows formed on a slope
and were fed by and served as feeders for other pillows.
The length of individual pillows is unknown. Intra-
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pillow structures suggest that flow was laminar; and
subject to many recognized limitations, the calculations
describing flow through a cylinder also support this
suggestion. I agree with Jones’s conclusion (1968, p.
487) regarding the importance and meaning of the
form and fabric displayed in pillow lavas, and I fur-
ther propose that structures within individual pillows
may well provide information as important as inter-
pillow relationships.
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AIRFALL ASH AND PUMICE LAPILLI DEPOSITS FROM
CENTRAL PUMICE CONE, NEWBERRY CALDERA, OREGON

By MICHAEL W. HIGGINS, Beltsville, Md.

Abstract.—There are two airfall ash and pumice lapilli de-
posits from Central Pumice Cone, Newberry Caldera, Oreg.
The older deposit is poorly exposed, and its extent is unclear.
The younger deposit is more distinctive, widespread, and
valuable for relative dating. It can be divided into (1) a main
pumice fall, consisting chiefly of ungraded pumice lapilli, that
extends 20-40 miles from the caldera; and (2) an overlying
unit of as many as five graded ash falls, consisting of pumice
and lithic fragments, confined to within about 8 miles of the
caldera. Wood beneath the main pumice fall has a carbon-14
age of 1,720+250 years. China Hat and East Butte, east of the
volcano and once thought to be cones, are actually domes of
pre-Mazama age and did not contribute material to the younger
deposits from Newberry Volcano. What Wilcox considered
pumice from a China Hat vent is part of the main pumice fall
of the younger deposit.

Mount Newberry is a large shield voleano which rises
from the basalt plateaus of central Oregon about 40
miles (64 kilometers) east of the Cascade crest and just
south of Bend (fig. 1). At the summit of the shield is
Newberry Calderal, a large, complex, nested caldera
with two large lakes and numerous small cones and
other eruptive features on its floor (Higgins and
Waters, 1967). Central Pumice Cone (fig. 2) is one of
the most conspicuous of these features. It occupies
approximately the center of the caldera and rises more
than 700 feet (214 meters) from a strip of land sepa-
rating the lakes. Ash and pumice erupted from Central
Pumice Cone form deposits that cover the eastern part
of the caldera, the eastern and southeastern parts of the
shield, and large areas east and southeast of Newberry
Voleano (Walker, 1951; Walker and others, 1967; Wil-
liams, 1942). One of these deposits is an easily recog-
nizable datum plane that should be valuable for rela-
tive dating of geologic features and archaeological
sites. However, its physical characteristics are not well

1The official geographic name of this caldera is Newberry Crater.
However, it was named at a time when no distinction was made be-
tween craters and calderas (Russell, 1905). Since it is undoubtedly a
caldera and not a crater, according to present usage of these terms

(see Williams, 1941), it will be referred to in this paper as Newberry
Caldera.

known and its precise age has only recently been deter-
mined. Moreover, there has been confusion regarding
the source of this ash and pumice blanket.

This blanket deposit is the second or younger of two
known unwelded airfall ash and pumice lapilli deposits
from Newberry voleano, here informally called New-
berry ash deposit No. 1 and Newberry ash and pumice
deposit No. 2. Deposit No. 2 is thicker and areally more
extensive than the first, and is relatively undissected.
Therefore, there are relatively few exposures of the
older or first deposit, its shape and extent are unclear,
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Fiaure 1.—Index map showing part of the Newberry shield
volecano and geographic features mentioned in the text.
The dashed line represents the 2-inch (5 em) isopach of
Newberry ash and pumice deposit No. 2. Dots show
sample and measurement localities. Open circle shows the
locality of the carbon-14 sample.

U.S. GEOL. SURVEY PROF. PAPER 650-D, PAGES D26-D32

D26



























LIPMAN, MUTSCHLER, BRYANT, AND STEVEN

Formation in the western part of the field, the West Elk
Breccia in the northern part, and the Conejos Forma-
tion in the eastern and southeastern parts.

Isotopic age studies currently in progress indicate
that most of the intermediate rocks formed during the
relatively restricted interval of from 30 to 35 million
years (P. W. Lipman and H. H. Mehnert, unpub.
data). However, some of these rocks may have formed
earlier, and petrologically similar rocks continued to
be erupted in diminished volume during the succeeding
several million years while the voluminous more silicic
ash-flow tuffs were being erupted. The early inter-
mediate rocks were originally deposited over more than
25,000 km* and probably had a volume of at least
10,000 km?.

A histogram of SiO. contents of available analyses
of the early lavas and breccias (fig. 24) has a mean of
60 percent SiO., with a positive skewness toward more
silicic compositions. The analyzed samples are, how-
ever, biased in favor of extreme compositions, and the
volumetric predominance of intermediate-composition
rocks is greater than indicated.

Ash-flow tuffs

About 30 m.y. ago eruption of intermediate lavas
waned, and major volcanic activity changed to explo-
sive ash-flow eruptions of quartz latite and low-silica
rhyolite that persisted until about 26 m.y. ago (Steven
and others, 1967; P. W. Lipman and H. H. Mehnert, un-
pub. data). Source areas for the ash flows were large
cauldron complexes (fig. 1) in the central and western
San Juan Mountains (Steven and Lipman, 1968;
Luedke and Burbank, 1968). The original extent of the
ash-flow tuffs was similar to that of the intermediate
lavas (about 25,000 km?), but their volume was only
about half as great (about 20,000 km?3). Some individ-
ual ash-flow sheets were very large, spreading over as
much as 15,000 km?, with volumes as great as 2,000
km?.

A histogram of SiO, contents of available analyses
of the ash-flow tuffs (fig. 2B) displays a broad maxi-
mum from about 64 to 74 percent SiQ. with few values
beyond. This broad maximum reflects mainly the non-
systematic alternation of rhyolitic and quartz latitic
ash-flow sheets. Also, compositional zonations within
some individual sheets, becoming more mafic upward,
mndicate eruption from vertically zoned magma cham-
bers in which rhyolite overlay quartz latite (Ratté and
Steven, 1964). Three zoned sheets display variations
that nearly bracket the compositional range of the en-
tire sequence of ash-flow sheets (fig. 2B).

Later intermediate-silicic lava flows and breccias are
mterlayered with and overlie the ash-flow sequence
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locally but are greatly subordinate in volume (fig. 2C).
Some of the lavas, which occur adjacent to cauldron-
collapse structures, petrographically and chemically
resemble the ash-flow tuffs and are clearly genetically
related to the pyroclastic eruptions. Other lavas, gen-
erally somewhat more mafic, are distinguishable only
by stratigraphic position from the intermediate lavas
that preceded the ash-flow eruptions, and appear to
represent a continuation and waning of this phase.
Most of the intermediate lavas of both types are older
than 26 m.y. (Steven and others, 1967; P. W. Lipman
and H. H. Mehnert, unpub. data).

Shallow plutons

A few small epizonal porphyritic stocks and lacco-
liths intrude the volcanic pile, especially in the north-
ern, western, and southeastern parts of the volcanic
field. Most of these were indicated by Larsen and Cross
(1956, pl. 1) as having the same age as the early inter-
mediate lavas and breccias, but stocks intrude lower
units of the ash-flow sequence in both the western
(Bromfield, 1967, p. 57) and southeastern San Juan
Mountains. The largest exposed intrusive body in the
San Juan volcanic field, the Alamosa stock (Larsen and
Cross, 1956, p. 108), has been dated at 29 m.y. by
K-Ar methods (P. W. Lipman and H. H. Mehnert,
unpub. data), and many other stocks are probably
in the range 26-30 m.y., contemporaneous with the ash-
flow eruptions. The intrusive rocks are mainly mon-
zonites and granodiorites, chemically similar to the in-
termediate lavas and breccias, and distinetly less silicic

than the concurrently emplaced ash-flow tuffs (fig.
2D).

Late basalts and rhyolites

In the early Miocene the character of volcanism
changed notably. Whereas the Oligocene volcanics are
predominantly intermediate lavas and somewhat more
silicic ash-flow tuffs, the younger rocks are largely a
bimodal association of basalt and silicic alkali rhyolite.
The basaltic rocks (Hinsdale Formation) are mainly
alkalic olivine basalt flows, relatively high in SiO, and
trending into basaltic andesite; contaminated basaltic
rocks that contain xenocrysts of quartz and alkali
feldspar are abundant (Doe and others, 1969). The
rhyolites consist of small scattered voleanic necks, plug
domes, and one small ash-flow sheet, all characterized
by high SiO, content (fig. 2#). Basalt and rhyolite
were erupted intermittently through the Miocene and
Pliocene, forming a widespread thin veneer over the
older volcanic terrane. The oldest dated basalt is 24
m.y. (P. W. Lipman and H. H. Mehnert, unpub.
data) ; flows as young as Pleistocene occur in northern
New Mexico, at the south end of the volcanic field
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(Bingler, 1968). The basalt flows, now much eroded,
probably originally covered 15,000-20,000 km?2, but
total volume may have been no more than 1,000 km?;
the rhyolites were relatively minor, with an initial area
of a few hundred square kilometers and volume of
a few tens of cubic kilometers.

ELK MOUNTAINS REGION

The Elk Mountains region as used in this report in-
cludes the Elk Mountains, Ruby Range, Treasure
Mountain dome, and West Elk Mountains (fig. 1).

Upper Cenozoic igneous rocks of the Elk Mountains
region are mostly intrusive and, on the basis of field
relations, petrographic similarities, and isotopic age
determinations, can be divided into three general
groups: (1) granodioritic plutons of Oligocene age,
(2) Miocene and Pilocene(?) mafic dikes, and (3) a
sodic granite stock of latest Miocene or earliest Pliocene
age.

Granodioritic plutons

Stocks, laccoliths, sills, and dikes consisting mainly
of granodiorite and granodiorite porphyry intrude
rocks as young as the Eocene Wasatch Formation in
the Elk Mountains region and have yielded radiometric
ages of 29.0-34.4 m.y. (Obradovich and others, 1969).
These rocks make up the greatest volume of exposed
intrusive rocks in the region.

Some of the smaller granodioritic stocks of the
Ruby Range and western Elk Mountains have borders
of more mafic granodiorite. These borders have com-
positions similar to hornblendic and dacitic dikes in
the West Elk Mountains (Gaskill and Godwin, 1966;
Gaskill and others, 1967) and in the Elk Mountains
(Bryant, 1969). These compositional differences are
evident in a SiO, histogram (fig. 2#), in which the
main peak at about 68 percent SiO, represents the
volumetrically preponderant interior facies of the in-
trusions, and the smaller peak at about 60 percent
SiO. represents the more mafic border facies and the
dacite dikes. The mafic border rocks clearly represent
early phases of the intrusions, as they are cut by more
silicic dikes of interior-type granodiorite. Granodiorite
porphyry plutons in the western Elk Mountains region
locally contain xenoliths of quartz diorite which F. E.
Mutschler (unpub. data) has interpreted as produects
of early crystallization at depth. The quartz diorite
xenoliths and the progression from the early mafic
border facies of the stocks to the interior granodiorites
that form the bulk of the exposed plutons both suggest
that the initial undifferentiated Oligocene magmas
had relatively mafic intermediate compositions.
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In the West Elk Mountains the dacite dikes cut in-
trusives related to the stocks, but in the Elk Mountains
similar dikes are no younger than the large granodi-
orite plutons and are probably of the same age.

Mafic dikes

Small gabbro porphyry and lamprophyre dikes cut
the Oligocene granodiorites in the Elk Mountains
region. These are provisionally thought to be Miocene
and early Pliocene in age, as they are petrographically
and chemically similar to radiometrically dated Mio-
cene and Pliocene basalts of the Flat Tops Primitive
Area to the north (E. E. Larson, oral commun., 1968).
Mafic igneous activity in the southern Rocky Moun-
tains appears to have occurred intermittently from the
Miocene nearly to the present. Basalt flows occupy a
variety of physiographic positions in the major drain-
ages, and the youngest known flows, in the bottom of
the Colorado River valley near Dotsero, Colo., have
been dated at about 4,000 years B.P. (Giegengack,
1962).

Most of the mafic dikes are somewhat altered, and
are low in Si0, and high in CO, and H,O. When cal-
culated free of volatiles, however, analyses of these
rocks cluster at about 50 percent SiO. (fig. 26") similar
to typical alkali olivine basalts of the San Juan Moun-
tains region (fig. 2£') to the south and the Flat Tops
area to the north.

Sodic granite and related rocks

At Treasure Mountain (fig. 1) a distinctive sodic
granite stock has intruded Precambrian and Paleozoic
rocks, producing a dome in the country rocks about 6
miles in diameter with structural relief of about 6,000
feet. The pluton contains a variety of compositionally
similar facies whose textures range from coarse
grained equigranular to fine grained seriate porphy-
ritic. Some textural variants, that indicate abrupt
quenching during late stages of crystallization, may
reflect roof-rock rupture, perhaps with explosive vol-
canic venting (F. E. Mutschler, unpub. data, 1969).

The granite of Treasure Mountain, which is much
more silicie than the Oligocene intrusions (fig. 27, &),
has yielded K-Ar ages of about 12.5 m.y. (Obradovich
and others, 1969).

Highly altered felsite porphyries, which are chemi-
cally similar to the granite of Treasure Mountain,
occur as small dikes, sills, and breccia pipes in the Elk
Mountains region. Some of these are genetically related
to the granite of Treasure Mountain, but some others
are probably as old as Oligocene.



D38

Possible volcanic venting

Some of the intrusive rocks of the Elk Mountains
region probably served as feeders for volcanic deposits
now largely removed by erosion, and this region may
have constituted an important part of the composite
volcanic field of the southern Rocky Mountains dis-
cussed by Steven and Epis (1968). In composition the
Elk Mountains plutons most closely resemble the less
silicic ash-flow tuffs in the San Juan Mountains se-
quence, but the mafic border facies resembles the early
intermediate lavas and breccias and the shallow San
Juan plutons.

The West Elk Breccia (Olson and others, 1968),
which is continuous with the early intermediate lavas
and breccias of the western San Juan Mountains, was
probably derived from vents related to granodiorite
plutons of the West Elk Mountains. These granodi-
orite plutons, which are more silicic than the volcanic
breccias they intrude, apparently represent late differ-
entiates of larger underlying magma bodies that were
predominantly more mafic during eruption of the West
Elk Breccia. The low silica border zones and inclu-
sions within some Elk Mountains plutons also indicate
that the magmas underwent some differentiation, dur-
ing emplacement to their exposed crustal level, that is
comparable, on a small scale, to the more extensively
differentiated magma sources of the compositionally
zoned San Juan ash flows.

In contrast with the San Juan Mountains region, a
significant feature of the Elk Mountains region is
the apparent absence of eroded equivalents of cauldron-
collapse structures, such as ring-dike complexes. This
suggests that ash-flow eruptions, abundant in late
Oligocene volcanism of the San Juan Mountains
region, were minor or absent farther north. However,
in the Sawatch Range east and southeast of the Elk
Mountains, deeply eroded cauldron complexes are prob-
ably present near Independence Pass and in the Mount
Princeton area (fig. 1). At Independence Pass an ash-
flow sequence several thousand feet thick is preserved
in a block about 5 miles across that is downfaulted in
Precambrian rocks and is intruded by a granodioritic
porphyry dated at 34 m.y. (Obradovich and others,
1969). In the Mount Princeton area in the southern
Sawatch Range, Dings and Robinson (1957, pl. 1)
have mapped a composite stock of intrusive quartz
latite porphyry, Mount Aetna Quartz Monzonite Por-
phyry, and voleanic breccia about 3 miles across that
may represent the roots of a Tertiary volcano. Two
dikes of the Mount Aetna Porphyry extend out from
the stock and partly enclose an elliptical mass of older
Mount Princeton Quartz Monzonite nearly 10 miles
long and 7 miles wide, and appear to form an incom-

PETROLOGY AND PETROGRAPHY

plete ring dike. None of these rocks have been dated
radiometrically, but some and perhaps all may be
Oligocene in age.

The Miocene and Pliocene ( ?) mafic dikes of the Elk
Mountains may have been feeders for basalt flows such
as those preserved to the northeast, west, and south.
Whether or not these dikes actually fed flows, basalt
flows clearly were widespread in the vicinity of the
Elk Mountains in the Miocene and Pliocene, and are
analogous in composition and age to the Hinsdale
basalts of the San Juan Mountains region.

Textural features suggest that the sodic granite of
Treasure Mountain vented (F. E. Mutschler, unpub.
data, 1969), but any near-source volcanic deposits
have been removed by erosion. In any case, the volumet-
rically rather minor high-silica igneous rocks of Trea-
sure Mountain, together with the basalts at Flat Tops,
constitute a contemporaneous bimodal suite very simi-
lar to that of the San Juan voleanic field (E. E. Larson,
M. Ozima, and F. E. Mutschler, oral commun., 1968).

DISCUSSION

Upper Cenozoic igneous rocks of the San Juan
Mountains region are predominantly volcanic, whereas
those of the Elk Mountains region are largely epizonal
plutonic. Yet both the timing of igneous activity and
the sequence of petrologic types are strikingly similar
for the two regions. In both, igneous activity was most
intense during the same brief period in late Oligocene
time and produced large volumes of intermediate
composition rocks and genetically related somewhat
more silicic differentiates. In both regions subsequent
igneous activity in the Miocene and Pliocene was not
so intense and produced lesser volumes of bimodal
mafic and highly silicic rocks that contrast markedly
with the intermediate older rocks.

In addition to the general similarities in age and
sequence of igneous activity between San Juan Moun-
tains and Elk Mountains regions, the chemical vari-
ations among the suites of igneous rocks follow very
similar trends. This is most evident from simple SiO.-
variation diagrams (fig. 3, p. D40-D41). These dia-
grams include almost all available chemical data for the
two areas. Omitted from the diagrams are a few analyses
of obviously altered rocks, as indicated by petrographic
study or by high 'O, content. Some of the scatter in
the plotted analyses is also certainly the result of
less conspicuous alteration, but no analyses have been
omitted simply because they deviate from the general-
ized trends. Rocks of all ages from the San Juan
voleanic field, considered together over the entire
range from basalt to rhyolite, define a typical cale-



LIPMAN, MUTSCHLER,

alkalic trend (fig. 84), as has been generally recog-
nized since the petrologic studies of Larsen (1938).
In the Elk Mountains region, the gabbro porphyries,
granodiorites, and granite define similar trends (fig.
3B). In the Elk Mountains suite K.O and perhaps
TiO, are slightly lower and CaO and P.O; may be
slightly higher, especially at intermediate SiO. con-
tents; otherwise the trends are indistinguishable with-
in the scatter of the data. Similar plots of total Fe,
MgO, and Al,Q,, that were omitted for reasons of
space, show even smaller differences between the two
regions.

Less abundant petrologic and geochronologic data
indicate generally similar sequences of igneous activ-
ity, from earlier predominantly intermediate rocks to
later bimodal suites of mafic and silicic rocks, in many
other parts of the southern Rocky Mountains region
and adjacent parts of the Basin and Range province,
including most of the areas cited by Steven and Epis
(1968) as constituting parts of the large composite
Oligocene voleanic field. This sequence of igneous
activity appears to be approximately valid for vol-
canics of the Rabbit Ears area (Izett, 1966, 1968) and
for the Thirtynine Mile volcanic field (Epis and
Chapin, 1968, and oral commun., 1968) in Colorado as
well as for the southern Sangre de Cristo Mountains
of Colorado and New Mexico (C. L. Pillmore, oral
commun., 1968). Rocks of similar age and sequence are
also common over a large part of central New Mexico,
including the Mogollon Plateau (Elston and others,
1968), the Blue Range (Ratté and others, 1969), the
Black Range (Kuellmer, 1954), the Puertecito area
(Tonking, 1957), and the Santa Rita area (Jones and
others, 1967). A general progression in Tertiary vol-
canic rocks of New Mexico, andesite-rhyolite-basalt,
was in fact noted many years ago (Lindgren and
others, 1910, p. 42-46).

The marked contrast between early intermediate
magmas and later bimodal mafic-silicic magmas in the
southern Rocky Mountains implies either different
conditions of magma generation or processes of differ-
entiation for the two suites. In southern Colorado this
petrologic change coincides approximately in time with
initial structural development of the Rio Grande de-
pression, a major rift that is a local expression of
widespread late Cenozoic crustal extension in western
North America (Lipman and Steven, 1969). Similar
progressions from predominantly intermediate to bi-
modal basalt-rhyolite volcanism, approximately con-
current with initiation of late Tertiary crustal exten-
sion, appear characteristic of Cenozoic volcanism for
much of the Western Interior of the United States.
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ULTRAMAFIC XENOLITHS IN BASALT, NYE COUNTY, NEVADA

By NEWELL J. TRASK, Menlo Park, Calif.

Work done in cooperation with the National Aeronautics and Space Administration

Abstract—Lherzolites from ejecta and flows around two
vents in central Nevada are moderately to strongly deformed :
olivine-rich wehrlites and dunites are intensely deformed; and
clinopyroxene-rich wehrlites, clinopyroxenites, and gabbros
are undeformed to only slightly deformed. The olivine-rich
wehrlites contain striking large, black, glassy clinopyroxene
grains some of which are broken and invaded by fine-grained
recrystallized olivine. The lherzolite probably came from the
upper mantle; the clinopyroxene-rich wehrlite, and clinopyrox-
enite may have formed in the lower crust as cumulates from
the magma that produced some nearby basalt flows older than
the host rock; source of the highly deformed olivine-rich
wehrlite and dunite is not clear.

Ultramafic and mafic xenoliths are abundant in
basaltic flows and ejecta around two small conical
vents near Black Rock Summit in the southern part of
the Pancake Range, northern Nye County, Nev. One
of the volcanic flows was described by Vitaliano and
Harvey (1965), who noted the presence in it of large
(8 centimeters) individual crystals of pyroxene, oli-
vine, and plagioclase. Polycrystalline aggregates of
lherzolite, wehrlite, dunite, pyroxenite, and gabbro up
to 15 em in length are present in this flow, in a second
flow to the south, and in the ejecta around the vents
at the heads of both flows. These xenoliths have a wide
variety of compositions and textures; deformation
textures are especially conspicuous. They represent a
hitherto unreported occurrence in the circumpacific belt
of ultramafic inclusions in basalts described by Forbes
and Kuno (1965).

Acknowledgments—This report is part of a study
of basaltic craters and lava fields done on behalf of
the National Aeronautics and Space Administration
under contract No. R-66.

GEOLOGIC SETTING

The inclusion-bearing rocks lie within a relatively
small field of basaltic flows, cinder cones, and cinder-

and-spatter cones in an elevated valley in the south-
west part of the Pancake Range. The basalt field is
crossed by U.S. Route 6 midway between Tonopah and
Ely (fig. 1). Most of the field lies within an elongate
area, 10 by 30 kilometers, trending northeast, and
several of the vents are alined along northeast-trending
lineaments (fig. 1). The youngest flows poured out on
relatively young playa deposits in the undrained
valleys and may be as young as Holocene (fig. 2).
The inclusion-bearing flows are among the youngest
of the basalts.

Most of the vents within the basalt field are steep
cinder cones and cinder-and-spatter cones. Two of the
vents are maars; one just to the south of the southern
mclusion-bearing flow is known as Grandfather’s Chair
(fig. 1), and a second, 7 km south of the area of figure
1, is known as Lunar Crater. The maars have rims of
palagonite tuff; only a few small ultramafic xenoliths
have been found to date in the ejecta surrounding them.

The basalt field is surrounded by older Tertiary
ignimbrites of the type described by Cook (1965). The
generally circular plan of the elevated valley contain-
ing the basalts and the surrounding hills of ignim-
brite has led some workers (E. B. Ekren and others,
personal commun., 1967) to the conclusion that the
entire structure is a caldera similar to others in the
Basin and Range province of western Nevada (Chris-
tiansen and others, 1965). The basalt field is included
in a geologic map of northern Nye County, Nev., by
Kleinhampl and Ziony (1967). A detailed study of the
basalts and their relation to the surrounding ignim-
brites has been made by Scott. (1969).

HOST ROCKS

Both cones around which inclusions are found are
elongate in a northeast direction and have been
breached on the northwest side. Both measure approxi-
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resemblance to that observed on the A0l and Okl
patterns of manganoan lipscombite. A possible struc-
tural interpretation of manganoan lipscombite is shown
in figure 4C.

The structure proposed for manganoan lipscombite
is derived from that of barbosalite by systematic
twinning at every second P-OH layer by a 180° rota-
tion axis through P and OH™ on the composition
planes. As seen in figure 4B, this stacking sequence
produces pseudo 4, and pseudo 2, axes. In figure 4C,
the projection of these four layers is translated in the
ab plane so that the suggested 4, and 2, axes coincide
with their emergence in P4,2,2, the space group given
above for manganoan lipscombite. The height z of the
triple groups above the ab plane is renumbered in
fractions of tetragonal ¢. Then 2 and y are so directed
that Fe*?, which must occupy special positions in
4(a), has z and y coordinates consistent with z. The
suggested coordinates for the 4 Fet? in 4(a) are z=Y%,
y=1%, 2=0; for 8 Fe'? in 8(b) are =%, y="%, 2=0; of
8 P in 8(b) are 2=0, y="3, 2=%, and so forth.

The term “tetragonal iron lazulite” is used herein
to denote the synthesized compound for which Katz
and Lipscomb have determined the crystal structure.
Gheith (1953) renamed this product lipscombite. Bar-
bosalite (Lindberg and Pecora, 1954) had not yet been
described. Gheith synthesized more than 100 samples
under various laboratory conditions. He concluded
that both tetragonal and monoclinic dimorphs form
under identical conditions, and that “no prediction
can be made as to whether the product will be lips-
combite or ferrous ferric lazulite” (barbosalite). Once
the monoclinic form is synthesized it may be converted
to the tetragonal compound at temperatures between
110° and 290°C; above 290°C no ferrous iron remains
(Gheith, 1953).

The structure proposed for manganoan lipscombite
differs from that of tetragonal iron lazulite (Katz and
Lipscomb, 1951) only in the filling of octahedral sites.
Tetragonal iron lazulite has a defect structure with 7
out of 8 octahedral sites occupied statistically. These
form randomly broken diagonal chains of octahedra,
with smaller cell base ¢ than in barbosalite or in
manganoan lipscombite. In figure 4D the iron octahedra

D79

of tetragonal iron lazulite are shown projected on the
ab plane of barbosalite (origin at 4, 2z in fractions of
monoclinic dyp). A chemical analysis ot tetragonal iron
lazulite is lacking, but the suggested structure requires
the formula Fet%Fet?; (PO,),(OH),.

CONCLUSIONS

The crystal structure of barbosalite, of tetragonal
iron lazulite, and the suggested crystal structure of
manganoan lipscombite consist of P-OH™ layers and
of iron octahedra layers. The iron octahedra form
broken diagonal chains, parallel [110] (of barbosalite) in
one metal layer and parallel [110] in the next layer. In
tetragonal iron lazulite 7 out of 8 positions in the
chains of octahedra are occupied randomly, with con-
sequent formation of a smaller unit-cell base (a/vs).
In barbosalite and in manganoan lipscombite 3 out of
4 octahedral sites are occupied by ordered triple groups
of Fet*—Fet?—Fe*? octahedra.
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AUTHIGENIC LAUMONTITE IN ARKOSIC ROCKS OF EOCENE AGE IN
THE SPANISH PEAKS AREA, LAS ANIMAS COUNTY, COLORADO

By JAMES D. VINE, Denver, Colo.

Abstract—Authigenic lanmontite makes up as much as 25
percent of some beds of arkosic sandstone and conglomerate
in the Cuchara and Huerfano Formations of Eocene age along
the south flanks of the Spanish Peaks, Las Animas County,
Colo. This caleium-rich zeolite replaces the micaceous minerals
of the matrix and the potassium feldspar grains of the frame-
work in rocks that were intruded by the Spanish Peaks stocks
and dikes. The full extent and chemical nature of the altera-
tion have not yet been determined.

As much as one-quarter of the mineral grains and
matrix of arkosic sandstone and conglomerate in the
Huerfano and Cuchara Formations of Eocene age has
been replaced by authigenic laumontite in the Spanish
Peaks area, Las Animas County, Colo. (fig. 1). Lau-
montite is a hydrous calcium-aluminum silicate char-
acteristic of the zeolite facies of low-grade regional
metamorphism in New Zealand (Coombs and others,
1959).

The occurrence of laumontite in the arkosic rocks
of the Spanish Peaks area was discovered during rou-
tine X-ray diffraction analyses of Eocene fluviatile
sandstones collected throughout the Rocky Mountains

region. Five of six sandstone and conglomerate samples
collected adjacent to the Aguilar-Apishapa Pass road
on the south flank of the Spanish Peaks contained
laumontite, as shown in table 1, whereas none of the
samples collected from these same units in the Huer-
fano Park area 30 to 35 miles to the northwest con-
tained laumontite. Alteration was not suspected at the
time the samples were collected, as there was nothing
unusual about the appearance of the rocks in outcrop.
Sandstone and conglomerate beds in the Huerfano For-
mation are typically pale red to maroon, whereas those
in the Cuchara Formation are more commonly yellow-
ish gray to pale orange.

Eocene sedimentary rocks in the Spanish Peaks area
have been intruded by stocks and dikes that, according
to Johnson (1968), range in composition from silicic
to ultrabasic; the most common rock type is syenodio-
rite. These igneous rocks were probably emplaced at
various intervals during late Eocene or early Oligo-
cene time, for the Huerfano Formation is the youngest
sedimentary unit that was cut (Johnson, 1968, p. GT7).
Evidence is lacking to suggest that the Eocene sedimen-

TABLE 1.—Mineral composition of selected rocks from the Spanish Peaks area, Las Animas County, Colo.

[X-ray diffraction peak heights measured in inches of deflection for the principal reflection. Data derived from hand-ground pelletized samples scanned routinely from 2° to 60°

26 at a rate of 2° per minute on & Norelco X-ray diffractometer; CuKa radiation; 48 kilovolts and 20 milliamperes. Peak heights were measured above background by using the

prineipal peak for each mineral species, as follows: 9.51 A for laumontite, 3.33 A g)r quart]z, 3.24 A for potassium feldspar, and 3.19 A for plagioclase. Dashes indicate peak not
etected,

Minerals (relative intensity)

Sample No. Formation and rock type Clay minerals Laumontite  Quartz Feldspar

14 A 10A 7A Potassium Plagioclase
) Huerfano Formation, conglomerate_ _______________ 0.2 0.5 02 0.2 6.9 3.3 3.2
2 . Ao oo e - 1.5 7.8 .1 2.0
U Huerfano Formation, sandstone_ . _. _______________ .1 4 .2 8.1 3.8 3.8
4 0 e e e e e .2 .4 2 e 7.4 40 2.4
L T Cuchara Formation, sandstone....________________ [ 1.3 8.1 .2 3.3
6 . 0 e e e e e e e e mmm 1.8 79 (_.__. 3.4
6 (light) *____________ Ao o e 4.4 2.7 .. 1.6
1082 _________.. Syenodiorite porphyry dike_______________________ 3 . B s 4.6

1 Light fraction having specific gravity of about 2.5 to obtain laumontite concentrate.

2 See reference to locality 108 in Johnson (1968, p. G23 and pl. 1).
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contains laumontite. Modified from Johnson, Wood, and Harbour (1958) and Johnson (1968).

tary rocks were deeply buried at the time of intrusion
or that the laumontite-bearing rocks were ever buried
more than a few thousand feet.

Laumontite replaces micaceous minerals in the
matrix of arkosic sandstone and conglomerate and
partly or completely replaces framework grains of
feldspar in the more highly altered samples. One
sample (No. 4) from the Huerfano Formation is
cemented with hematite, but no laumontite was de-
tected by the X-ray analysis or by examination of the
thin section. The mineral composition of the frame-
work grains of sample 4 may therefore reflect the origi-
nal composition of the other samples as well. If so,
a marked reduction in the amount of potassium feld-

spar in the laumontite-bearing samples is indicated. A
sample (No. 6) of sandstone from the Cuchara Forma-
tion contains the most laumontite and no detectable
potassium feldspar or clay minerals. A split of sample
6 was separated in a bromoform-acetone mixture with
a specific gravity of about 2.5 in order to obtain a
concentrate of laumontite (specific gravity less than
9.4) in the float fraction. An X-ray diffractogram of
this light fraction of sample 6 is shown on figure 2,
and the mineral composition compared with the other
samples is given in table 1. An estimate of the re-
maining quartz and feldspar in this light fraction by
Leonard G. Schultz (oral commun., 1969) indicates that
there may be about 65 percent laumontite in the con-
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Figure 2.—X-ray qiﬁ‘ractometer pattern of the float fraction of a laumontite-bearing sandstone separated in heavy liquid with
a specific gravity of about 2.5. @, quartz; P, plagioclase; and L, laumontite (d spacings in angstrom units). CuKa:

A=1.5418 A. Sample 6 (light) in table 1.

centrate. Comparison of X-ray peak heights in the
concentrate and in the original sample indicates a
composition of about 25 percent laumontite for the
original sample.

Examination of the sandstone and conglomerate
samples in thin section by petrographic microscope
indicates the occurrence of laumontite as a massive
cement that (1) has replaced much of the matrix
minerals, and (2) has partially to completely replaced
feldspar grains. Little or no microcline remains in the
more highly altered samples, whereas the plagioclase
grains, chiefly oligoclase, show incomplete replacement
by laumontite. Areas of laumontite replacement are
characterized by a pale-yellowish-gray birefringence
and wavy extinction in polarized light. Two cleavage
directions at nearly right angles to each other are
clearly visible under high magnification.

A sample of syenodiorite porphyry supplied by
R. B. Johnson from a radial dike at his locality 108
(Johnson, 1968, p. G23 and pl. 1) contains laumontite
that has replaced the original rock constituents in
spheroidal areas as much as 15 millimeters across. The
spheroidal concentrations are similar to the occurrence

of laumontite in Tertiary volcanic rocks in the Mount
Rainier area, Washington, as described by Fiske,
Hopson, and Waters (1963, p. 32-36).

Although no chemical analyses were available at the
time of this writing, the replacement of potassium feld-
spar by a calcium zeolite suggests a massive transpor-
tation of major elements. Such massive transfer, if it
did occur, would indicate a zonal pattern of alteration
centered on the Spanish Peaks intrusions. Detailed
study is required to further delineate the area of alter-
ation and to determine the chemical compositions of
the zones.

The occurrence of authigenic laumontite in sedimen-
tary rocks has been reported from many geosynclinal
rock sequences. For example, Kaley and Hanson (1955)
describe laumontite as a cement in a feldspathic sand-
stone of Miocene age recovered by drilling in the San
Joaquin Valley, Calif. Moreover, B. M. Madsen and
K. J. Murata (written commun., 1969) have found
laumontite in outcrops of Miocene rocks near San
Jose, Calif. In many areas the laumontite is asso-
ciated with the alteration of volcanic material in the
sedimentary sequence. In southwestern Grant County,
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Oreg., Dickinson (1962) described replacement by lau-
montite as one phase in the alteration of pyroclastic
marine Jurassic rocks along the South Fork John Day
River. Brown and Thayer (1963) also recognized a
laumontite stage in the zeolitic alteration of a thick
sequence of Upper Triassic and Lower Jurassic strata
in the Aldrich Mountains of Oregon. The laumontite
occurs there chiefly in rocks of volcanic origin. Lau-
montite was recognized in Cretaceous sandstone in
western Alaska by Hoare, Condon, and Patton (1964)
who suggested that tuffaceous material of siliceous or
intermediate composition was a prerequisite for its
formation. They also note, however, that the altered,
laumontitic rocks there contain only a trace of potas-
sium feldspar, whereas the unaltered rocks contain 5
to 20 percent potassium feldspar. In New Zealand,
laumontite is characteristic of tuffaceous graywackes
that have been buried 17,000 to 30,000 feet. Coombs,
Ellis, Fyfe, and Taylor (1959) recognized laumontitic
rock as a facies of low-grade metamorphism that
bridges the gap between ordinary diagenesis and con-
ventional metamorphic facies.

The occurrence of laumontite in arkosic Eocene
rocks of the Spanish Peaks area is noteworthy for the
following reasons: (1) The micaceous minerals of the
matrix and framework grains of potassium feldspar
are most readily replaced by laumontite; (2) vitric
material is not a precursor of the laumontite; and
(3) alteration appears to be localized near the Spanish
Peaks intrusive complex, which probably supplied the

R
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heat required for hydrothermal alteration at a relative-
ly shallow depth.
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MINERALOGY AND GEOCHEMISTRY OF FLUORAPATITE
FROM CERRO DE MERCADO, DURANGO, MEXICO

By. E. J. YOUNG, A. T. MYERS, ELAINE L. MUNSON,
and NANCY M. CONKLIN, Denver, Colo.

Abstract.—Fluorapatite from Cerro de Mercado has been
known to mineral collectors throughout the world for its yellow
color, transparency, and perfect crystal form. Because this
fluorapatite was considered for use as a phosphate reference
standard in spectrochemical laboratories of the U.S. Geological
Survey, knowledge of its complete chemical composition and
physical properties became necessary. The fluorapatite princi-
pally contains rare earths, but it also contains a rather large
number of minor elements, its formula being Cag.s3Nag.0sSro. g
RE0.06(PO05.57(80,)0.05(CO3) 0.0 (Si04) 0 .06 AsO4) 0.01 F1 .00Clo.12(OH) -
o.01- Although the apatite is intimately associated with martite, no
FeO was found by chemical analysis, and Fe,O; was found in
the amount of only 0.06 percent. Physical properties of the ana-
lyzed apatite are: w=1.63624 0.0005, ¢=1.6326+ 0.0005; a=
9.3914+0.001 A, ¢c=6.8781+0.002 A; measured specific gravity
(22°C) is 3.216, calculated density (22°C) is 3.219; magnetic
susceptibility is —0.078 X 10-¢ emu/g.

Fluorapatite occurs in many different associations;
one of the more common occurrences is in intimate
association with iron ores related to igneous rocks.
From a geochemical point of view, iron ores related
to igneous rocks may be divided into two types: (1)
the type characterized by iron only, containing mag-
netite, martite, or hematite, or any combination of the
three; and (2) the type characterized by iron and tita-
nium, containing titaniferous magnetite or ilmenite,
or both, and occasionally rutile. Some of the more
notable fluorapatite-bearing type 1 deposits, in addition
to the Cerro de Mercado, are those from the Mineville
district, New York (McKeown and Klemic, 1956):
Iron Mountain, Mo. (Crane, 1912) ; Tron Springs dis-
trict, Utah, and Barth, Nev. (Shawe and others, 1962) ;
Kiirunavaara, Sweden (Geijer, 1931, 1967); several
localities in the Urals (Boldyrev, 1930; Sumin, 1957) ;
and several localities in Chile (Geijer, 1967), including
a magnetite “flow” (Park, 1961). To the authors’ knowl-
edge, fluorapatites in all these iron ore deposits con-
tain at least 1 percent rare-earth oxides, except, perhaps,

those from Iron Mountain, Mo., and Barth, Nev., and
those from Chile, for which there are no relevant
data. Sparse data on fluorapatite from the type 2
deposits, in which both Fe and Ti are major elements,
suggest that the rare-earth content of these fluorap-
atites is appreciably less. A fluorapatite from Colom-
bia, South America, intimately associated with ilme-
nite, contains 0.30 percent rare-earth oxides (N. M.
Conklin and A. T. Myers, unpub. data, 1967). Fluor-
apatites from nelsonite (apatite plus rutile or ilmenite)
in Virginia (Ross, 1941), from titaniferous magnetite
in the Lake Sanford area, New York (Stephenson,
1945), and from ilmenite deposits in Quebec (Gillson,
1932) are not reported to contain rare earths, but
analytical data for these deposits are meager or non-
existent.

Acknowledgments—In addition to the many ana-
lysts who have contributed to this study, and who are
cited in the text or tables, we would like to express our
appreciation to engineer Luis Garcia Gutierrez of
Durango, Mexico, who very kindly guided us through
Cerro de Mercado.

Special thanks are also given to Walter Coleman,
of the U.S. Geological Survey, who provided us with
most of the samples of fluorapatite.

GEOLOGIC BACKGROUND

The Cerro de Mercado (also called Iron Mountain),
near the city of Durango, is the largest deposit of
iron ore in Mexico. Its name is derived from that of
Captain Gines Vasquez del Mercado, who set out from
Guadalajara in 1552 to search for gold and silver
and was led to the hill by reports of its being a moun-
tain of gold. The mountain rises abruptly to a height
of 600 feet! above its base of approximately 6,260 feet

1 This information is slightly differenit from that in the abstraect

by Young and others (1968), and it supersedes the data in their
abstract.
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Fluorescence is extremely weak in shortwave ultraviolet
light (table 2). Dichroism is also extremely weak,
detectable only in crystals that are at least 5 millimeters
thick; w is pale yellow and e is pale light gray; w>e.
Paulick and Newesely (1968) reported the apatite from
Cerro de Mercado to be anomalously biaxial with 2V as
much as 10°.

Absorption specira

Absorption spectra (table 2) in the visible region are
weakly shown by thick crystals.

TaBLE 2.—Physical properties of DM-A, fluorapatite from Cerro
de Mercado, Durango, Mezico

Y-GY8/6 (yellow, green-yellow).
@, pale yellow; ¢ pale light
gray; o> e (detectable only in
crystals that areat least 5 mm

thick).
Fluorescence (20°C), under 607+ 4 mu; pale pinkish orange,
shortwave ultraviolet very weak.
light (254 muy).
Absorption spectra:
2 S, Yellow:

573 mp, weak broad band;
579-597 mpu, very weak
band.

Yellow:

573 mu, weak diffuse line.

577-579 mpu, weak diffuse
band.

583-584 myu, weak diffuse
band.

Yellow-orange: 591 mgy, weak
diffuse line.

—0.078X 10~% emu/g; diamag-
netic.

Magnetic susceptibility 27°C..

Lattice constants:

@ . 9.3914+0.001 A
[ 6.878+0.002 A
ela o _____ 0.7324"
Volume_._______________ 525.34+0.1 A®

Density (22°C):
Measured___.__________ 3.21640.002 g/cm?
Calculated. . _________ 3.219 g/cm3

Refractive indices:
[ 1.6362+ 0.0005
e I 1.6326+ 0.0005}“" ¢=0.0036
@ e 1.6359 (average of 21 other

crystals, determined directly
L on Abbé refractometer).

Birefringenece._.________ 0.0037 (average of 15 other

crystals determined by
Ehringhaus compensator).

Magnetic susceptibility

Magnetic susceptibility of this apatite is very low,
as should be expected because of the very low iron and
manganese content. F. E. Senftle (written commun.,
1968), of the U.S. Geological Survey, measured its
magnetic susceptibility in a quartz helix magnetic
susceptibility balance. (See method in Senftle and
others, 1958.) Room-temperature (27°C) susceptibility
was found to be —0.078 X 10% emu/g (fig. 2). As far as
the authors know, this is the first time the magnetic
susceptibility of apatite has been found to be dia-
magnetic (negative values are diamagnetic, positive
ones are paramagnetic) at room temperature.
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Ficure 2.—Magnetic susceptibility in emu/g of DM-A, fluor-
apatite from Cerro de Mercado, Durango, Mexico. Measured
by F. E. Senftle, U.S. Geological Survey.

Measurements of susceptibility made by the senior
author by means of the Frantz isodynamic separator
gave a best value of +40.0045X107% emu/g (22°C).
The difference between this value and Senftle’s value
indicates that the Frantz separator should not be
used for measurements of minerals having very low
magnetic susceptibility.

Lattice constants and interplanar spacings

X-ray diffractometry was done at a chart speed of
%° 26 per minute using CaF. as internal standard.
The resulting observational data were handled by
the computer program of Evans, Appleman, and
Handwerker (1963). See table 3, this report. Lattice
constants are =9.39140.001 A; ¢=6.87840.002 A;
volume==525.340.1 A3; ¢/a=0.7324. A more precise
determination of the lattice constants of a sample of
apatite from Cerro de Mercado by H. T. Evans and
D. E. Appleman (1962, unpub. data) gave a=9.3923 +
0.0003 A; ¢=6.882140.0005 A; volume=>525.77 A3
¢/a=0.7327. Paulick and Newesely (1968) reported
the following lattice constants from Cerro de Mercado
apatite: ¢=9.40+0.01 A; ¢=6.874+0.01 A; volume=
525.7 A%;¢/a=0.731.

Density

The average of three determinations of density done
by a combined suspension pycnometer method (Young
and Munson, 1966) was 3.2164-0.002 g/cm® (22°C).
The average of six determinations done on a newly
calibrated specific gravity balance was 3.215440.002
gfem® (22°C). The calculated density based on the
chemical composition and the unit cell constants is
3.218; g/em® (22°C). Thus calculated and measured
densities differ by only =0.003 g/cm?.
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TaABLE 3.—X-ray powder data for DM-A, fluorapatite from Cerro
de Mercado, Durango, Mexico

[CuKe, radiation, Ni filter (A\=1.5405)]

d spacing (in angstroms)

hkl Intensity

Measured Caleculated t

7 8.12 8 13

5 5. 24 5. 25
6 4. 059 4. 066
8 3. 870 3. 878
46 3. 434 3. 439
18 3. 163 3. 167
16 3. 072 3. 074
100 2. 803 2. 806
34 2. 773 2. 774
39 2. 708 2. 711
23 2. 625 2. 626
5 2. 520 2. 522
5 2. 292 2. 292
15 2. 255 2. 256
2 2. 221 2. 222
7 2. 143 2. 143
4 2. 061 2. 060
3 1. 998 1. 997
15 1.939 1. 939
9 1. 886 1. 886
4 1. 865 1. 866
28 1. 838 1. 838
11 1. 801 1. 801
6 1.775 1. 775
2 1. 607 1. 608
3 1. 537 1. 537
12 1. 471 1. 470
5 1. 453 1. 452
5 1. 448 1. 447
6 1. 429 1. 429
4 1. 425 1. 425
2 1. 345 1. 344
6 1. 276 1. 277
2 1. 240 1. 240
4 1 232 1. 232
3 1. 218 1. 218

! Determined by D. E. Appleman using a computer-based least-squares refinement
method.

Paulick and Newesely (1968) reported a pycnometri-
cally determined density of 3.237%0.0038 g/cm? (22°C)
for the apatite from Cerro de Mercado, whereas their
calculated density (from X-ray data) was 8.214 g/cm?
(22°C). They attributed the higher measured density
to the finely dispersed inclusions which had densities
considerably higher than the density of the apatite.

The density calculated from the lattice constants of
Evans and Appleman is 3.2159 g/cm?®, which is very
close to our measured average density of 3.2157 g/cm?.
This raises the question of how much variation in
lattice constants occurs in Cerro de Mercado apatite,
and whether more precise work on different samples
would answer the question.

Optical data

Refractive indices were obtained by the immersion
method involving temperature variation (Young and
Munson, 1966) on fragments of the crystals selected for
chemical analysis. In addition, refractive index w was
determined on 21 other crystals by means of the Abbé
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refractometer. Finally, a rotatable calcite compensator
(Ehringhsaus) was used to measure the birefringence of
15 crystals. Small quartz crystals of varying thickness
were used to calibrate the compensator. The range of
birefringences from compensator measurements is
0.00355 to 0.0038s, A=0.0002,. The wider range en-
countered for refractive index w is 1.6352 to 1.6370,
A=0.0018, in the 21 crystals. For the chemically
analyzed DM-A, the range for « was 1.6356 to 1.6366
(A=0.001) for 10 fragments, yielding an average of
»=1.6362 and ¢=1.6326.

Paulick and Newesely (1968) reported similar
refractive indices for Cerro de Mercado apatite—
w=1.6364 and ¢=1.6327.

CHEMICAL PROPERTIES

The earliest chemical analysis available is by A. R.
Martinez Quintero (in Salinas and others, 1923).
As shown in table 4, the analysis is undoubtedly er-
roneous, as no rare earths or even fluorine is listed.
The high Fe,O; content can definitely be attributed
to martite impurity. A later chemical analysis by the
late Ivan Barlow (unpub. data, 1950), of the U.S. Geo-
logical Survey, is also shown in table 4. No rare earths
were reported. Spectrographic analyses by Cruft
(1966) and Paulick and Newesely (1968) are listed in
table 5.

TABLE 4.—Previous chemical analyses, in percent, of fluorapatite
from Cerro de Mercado, Durango, Mezico

[T'r., trace]

Analysis by Ivan Barlow

Analysis by A. R. Martinez Quintero
(unpub. data, 1950)

(in Salinas and others, 1923)

CaO. . 53.01 CaO. ... 55. 68
MgO_ o _ .35 MgO. .. . 68
PyOso o 44,36 PyOs. oo 41. 04
FeyO3 oo 99 VoOsmo 0
S10g e i e m e .03
3 S 389 P 3. 50
H, 0% e 44 Clo . Tr.
20- ________________ .19 H20+ ______________ 13
HyO - oo 0
100. 50
Less O_ ... ._._ 0. 09 101. 06
Less O ___ 1. 47
100. 41 -
99. 59

Our work shows that there are 16 chemical compo-
nents in the fluorapatite from Cerro de Mercado that
have a weight percent of at least 0.01, if we count
the rare-earth oxides as a unit and discount the traces
of MgO, Fe,0;, and Al,0; as impurities. The complete
analysis is shown in table 6 and the distribution of the
rare earths in table 1. The calculated formula is
Cag s3Nag 5510 1Reo 00(PO)5.57 (SO4) 0.05 (5i04) 0,06 (AsOg) oo
(CO3)0.0:1F1.00Clo.12(OH)o 01-
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TABLE 5.—Previous spectrographic analyses of fluorapatite from
Cerro de Mercado, Durango, Mezico

[X, secondary constituent; Tr., trace; Nf., looked for but not found; Nd., not
determined]

Analysis by Paulick and

Newesely (1968) Remarks on
Analysis all data by
by Cruft Crystal Optically Paulick and
(1966) (ppm) powder, clear Newesely
average crystal (1968)
fragments

Tr Nf. )

Tr Nf. )

Nf Nf. )

Tr Tr. ®

Tr Nf. %)

Tr Nf. ®)

X Nf. )

Nf Nf. @)

X Nf. )

X Tr. *)

X X *)

Nf Nf. ®

X X Q)

Nf Nf. 0!

Tr Tr. '0)

Tr Nf. 3)

1 Inclusion (Si0j).

2 Inclusion.

3 Inclusion(?).

4 Lattice substitution.

s Inclusion (magnetite).

¢ Inclusion (magnetite, hematite, goethite).

7'This value for Sr is about 14 times higher than the average obtained by the analysts
in table 1, and is therefore suspect.

CRYSTAL CHEMISTRY AND GEOCHEMISTRY

Relation of omega index of refraction to
chemical composition

The effect of chemical composition on the omega
index of refraction, o, of the Cerro de Mercado apatite
is shown in the following calculation where the sum
of the products of the weight percentages of the chem-
ical components and factors (Young, 1965) are added
to the omega index of pure fluorapatite to obtain a
calculated omega index:

Cl e 0. 41X 0. 0054=0. 00221
Rare-earth oxides (including ThO,)... 1.45X .0018= . 00261
O3 o e . 37X .0003= . 00011
H,O04+_ . . 01X . 0091= . 00009
MnO' ____ o ____ . 01X . 0020= . 00002
SrO .. . 07X .0001= . 00001
Total . o e 0. 00505

w, pure fluorapatite_ _ . _____________________ 1. 6325

w, caleulated. . . ___________________________ 1. 6376

t Factor for MnO is from Young, Sheridan, and Munson (1966).

The measured » of the fluorapatite from Cerro de
Mercado is 1.6362; the calculated w is therefore 0.0014
too high. Because chlorine and the rare-earth oxides are
the only components that significantly affect w, we
might suspect that their factors are too high, or else
that an unaccounted-for component tends to depress w.
Sodium may be depressing w in this case, but many
more careful analyses of apatite will be necessary before
we can be sure.
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Rule of Gladstone and Dale

The mean index of the apatite from Cerro de Mercado:
calculated by the rule of Gladstone and Dale,
(n—1)

d
is the density, and K is the total specific refractive
energy of a mineral, is 0.0204 higher than the measured
mean index. For the apatite from Cerro de Mercado,
K=0.20380; ¢=3.216; dK+1=1. 6554; and the mean
2w3:|— —1.6350. This discrepancy
and other data (Young and Munson, 1966) suggest
that the published specific refractive energy values for
CaO or P,0;, or both, are too high, at least for apatite.

Geochemistry

=K, where n is the mean index of refraction, d

index of the mineral,

In the following discussion, the ions found in apatite

from Cerro de Mercado are placed in four categories:

(1) Ions considered to be contaminants,

(2) Ions which replace Ca*2,

(3) Ions which replace P+%, and

(4) Ions which replace F-1.
In pure fluorapatite, 60 percent of the calcium is sur-
rounded by seven anions (7-fold coordination) and 40
percent of the calcium is surrounded by nine anions
(9-fold coordination) (Beevers and MecIntyre, 1946). In
most tabulations of ionic sizes, such as those by Green
(1959), tonic radii are given only for even-numbered
coordinations, such as 6, 8, and 10. To transform the
ionic radius of an element from one coordination num-

1/n-1
ber to another, the relation ?=(—%> must be used
m

(Wells, 1962), where r, and r, are the apparent radii
for coordination numbers p and m, and n=9. Thus, to
transform the ionic radius of an ion whose radius is
known for 6-fold coordination to the radius in 7-fold
coordination, the radius for 6-fold coordination would
have to be multiplied by (7/6)"*=1.0195.

In table 7, which is given as a basis for discussion of
the fluorapatite from Cerro de Mercado, relevant ionic
radii (with size differential from host ion), best esti-
mates of the ion content in fluorapatite and martite, as
well as the Clarkes, and enrichment or impoverishment
factors in the fluorapatite are listed for each ion.

1. Ions considered to be contaminants.—Mgt?, Fet3,
and Al*2. Each of these ions differs in size from the host
Ca*? by at least 34 percent, and each impoverishment
factor (with respect to its Clarke) is more than 100.

2. Ions which replace Cat®.—Of the alkali metals,
Nat! is greatly in excess of K*! in the fluorapatite; the
impoverishment factor for K*! with respect to its Clarke
is 21 times that of Na*!. This shows the effect of the
large ionic size of K** (35 percent >>Ca*? as compared
with that of Nat! (2 percent <Cat?).

The copper content of the apatite is very low (=0.5
ppm), giving copper an impoverishment factor of almost
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TABLE 6.—Analysis of DM-A, fluorapatite from Cerro de Mercado, Durango, Mezico

[Abbreviations: D, discounted as impurity; Na., not applicable. Br and I contents are eacn less than 10 ppm by X-ray fluorescence analysis, J. 8. Wahlberg, analyst. Analyses
are wet chemical and were determined by ElaineMunson, unless otherwise indicated; Hs0+ content determined by Penfield method. 8iQs, SrO, As:05, and V05 contents
were determined by quantitative spectrographic methods, N.M. Conklin, analyst; ThO: content by isotope dilution method, J. N. Rosholt, analyst; CO? content by
gasometric method, I. C. Frost, analyst]

Weight ‘Weight percent Metal ~ Oxygen Atoms per

percent recalculated to Ratios equivalent equivalent unit cell !
100 percent
54. 02 54. 13 0. 9652 0. 9652 0. 9652 9. 83
40. 78 40. 86 . 2879 . 5758 1. 4395 5. 87
.23 .23 . 0037 . 0074 . 0037 .08
.01 .01 . 0001 . 0002 . 0001 O]
.01 D D D D D
O e e e e e
.06 D D D D D
.07 D D D D D
.01 .01 . 0001 . 0001 . 0001 ®
07 07 0007 . 0007 0007 .01
1. 43 1. 43 . 0044 . 0088 . 0132 .09
.02 .02 . 0001 . 0001 . 0002 ®
34 .34 0057 . 0057 0114 . 06
.09 .09 . 0004 . 0008 . 0020 .01
.01 .01 . 0001 . 0002 . 0005 ®
.05 .05 0011 . 0011 . 0022 01
.37 37 0046 . 0046 0138 05
3. 53 3. 54 1863 Na. 0932 1. 90
.41 41 0116 Na. 0058 12
o 01 01 0006 . 0012 0006 01
0 e
101. 52 101, 58 e
1. 58 L B8 e
99. 94 100. 00 e

! Calculated on the basis of 26(0, F, Cl, OH) in the unit cell. Formula: Cass.sNao.0sSr0.01 RE0.09( PO )35 87(504)0.05(Si04)0 06(A504)0.01(CO3)0.01 F1 99Clo.12(0H)o.01. Mol. wt
1,018.6. Valence balance: sum of (4+) charges=20.03=sum of (—) charges.

2 Reported as 54.08--0.1 percent by atomic absorption method, Claude Huffman, Jr., analyst.

3 Less than 0.01.

4 Considered to be an impurity.

3 Soluble.

TaBLE 7.—Replacement ions in fluorapatite from Cerro de Mercado, Durango, Mezico

[Tonic radii are based on Green (1959). Percent size differential for ionic radii is given in parentheses. Nd., not determined; Indet., indeterminate. Analysts: (B) N. M. Conklin,
g&; %la.}ldl?‘ Wa.rilrlxgI (D) Helen Worthing, (F) Christopher Heropoulos, (G) J. N. Rosholt, (H) J. S. Wahlberg, (J) I. C. Frost, (K) Claude Huffman, Jr., (L) E. L. Munson,
.J. Fennelly]

Tonic radii Ton content Enrichment (4-) ! or impoverishment (—)
Ton (in angstroms) (in parts per million) factors of ion
Coordination With respect With respect
In fluorapatite 2 In martite 3 Clarke ¢ to martite to Clarke
7-fold 9-fold
Cat? (host)._.___ 1. 01 1. 04 38.6X10+ (L) 850 2.96X10¢ 454 (+) 13 (+)
Considered to
be contam-
inants:
Mgtz _____ .67 (—34) .69 (—34) 60 (L) 3, 000 1. 87X10¢ 50 (—) 312 (=)
SFets __ _____ .65 (—36) .67 (—36) 420 (L) 70X10¢ 4. 65104 1,670 (—) 111 (—)
Al .52 (—49) .54 (—48) 370 (L) 2, 000 8. 0510+ 54 (—) 218 (—)
Substitutions
for Cat2:
Litt___ . ___. .69 (—32) .72 (—31) =3 (D) <100 32 <33 (=) =11 (=)
Natt o _______ .99 (—2) 1.02(—2) 1,700 (L) <500 2. 5X10¢ >3.4 (+) 14.7 (—)
Kt 1.36 (+35) 1.40 (+35) 80 (L) Nd. 2.5%X10¢ Indet. 313 (—)
Cutl______ - .98 (—3) 1.02 (—2) .5 (D) 3 47 6 (—) 94 (—)
Cu*?________ .77 (—24) .80 (—23) .5 (D) 3 47 6 (—) 94 (—)
Sr2_ . 1.14 (413) 1. 18 (+13) 580 (B) 10 340 58 (4) 1.7 (+)
Bat?________ 1.37 (+436) 1. 41 (+36) 2 (C,D) 15 650 7.5 (—) 325 (—)
ZInti________ .75 (—26) .78 (—25) 10 (K) <200 83 <20 (—) 8.3 (—)
Cd+i________ .99 (—2) 103 (—1) <10 (D, K) <50 .13 Indet. <17 (+7)
Mn*?________ .82 (—19) .84 (—19) 80 (L) 200 1, 000 2.5 (—) 13 (=)
Fet: __ . __ .75 (—26) .78 (—25) <100 (L) 70X10 ¢4 4.65X10¢ >7,000 (—) >465 (—)
Nite_________ .70 (—31) .73 (—30) <3 (B) 100 58 >33 (—) >19  (—)

See footnotes at end of table.
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TaBLE 7.-—Replacement tons in fluorapatite from Cerro de Mercado, Durango, Mexico—Continued

Ionie radii Ion content Enrichment (4) ! or impoverishment (~)
Ton (in angstroms) (in parts per million) factors of ion
Coordination With respect With respect
In fluorapatite 2 In martite 2 Clarke ¢ to martite to Clarke
7-fold 9-fold
Ca+? (host)—Con.
Substitutions for
Cat?—Con.
.83 (—18) .8 (—18) <5 (B) 7 10 >1.5 (—) >2 (=)
1.16 (+15) 1.20 (+15) 4,200 (B) <30 29 >140 (+) 145 (+)
1.09 (+8) 1.13 (+9) 4,700 (B) <150 70 >31 (+) 67 (4)
1.08 (+7) 112 (48) 800 (C) <100 9 >8 (+) 89 (+)
1.06 (+5) 1.10 (+6) 2,000 (B,C,F) <70 37 >29 (4+) 54 (4)
1. 02 5-}-1) 1. 06 (+2) 300 (B, F) <100 8 >3 §+) 38 (+)
1.00 (—1) 1.04 (0) 20 (D) <100 1.3 <5 - 15  (+)
.94 (—=7) .97 (—7) 760 (B) <10 29 >76 (+) 26 (+)
.99 (—2) 1.03 (—1) 200 (B,D,F) <50 8 >4 (+) 25  (4)
.94 (—=7) .97 (—=7) 100 (B, C) <300 43 <3 (=7 23 (+)
.93 (—8) 96 (—8) 150 (B) <50 5 >3  (+) 30 (4+)
.92 (—9) .95 (—9) 30 (B) <20 1.7 >1.5 (+) 18 (+)
.90 (—11) .94 (—10) 100 (BI,?)C, D, <50 3.3 >2 (+) 30 +)
.89 (—12) .92 (—12) 10 (C, D) <20 27 <2 (=7 37 (+)
.88 (—13) .90 (—13) 50 (B) <1 .33 >50 (+) 150 (+)
.87 (—14) .89 2—14) =10 (D) <30 .8 L3 (=) ~13 E-l—)
.77 (—24) .80 (—23) <.8 (D) 5, 000 4, 500 >6,250 (—) >5,630 —)
.81 (—20) .83 (—20) 23 (B) <10 170 >2.3 (+) 7.4 E—)
1.04 (+3) 1.08 (+4) 200 (Q) 57 (G) 13 35 (+) 15.4 (+)
.99 (—2) 1.02 (—2) 11 (G) .52 (G) 2.5 21 (+) 4.4 (+)
Tonic radii
4-fold coordination
P+5 (host)o_______ 0. 33 17.8X10+¢ (L) 1,500 (H) 930 119 (+) 192 (4)
Substitutions
for P+5;
CHe . .16 (—52) 137 (J) Nd. 230 Indet 1.7 (=)
Si+4 .40 (421) 1, 600 (B) 3, 000 29. 5X10 ¢ 1.9 (=) 184 g—)
Asts .44 (4-33) 600 (B) 7L10 (M) 1.7 >60 (+) 350 +)
V+s__ .56 (4+70) 40 (B, C) 1, 500 90 38 (=) 2.2 (—)
S+6___ .29 (—12) 1, 480 (L) 200 (H) 470 7.4 (4+) 3.2 (+)
Crts_________ .49 (+48) <.8 (D) 3 83 >3.8 (—) >104 (—)
Tonic radii
F-1 (host) ... _._ 1. 36 3.53X104 (L) Nd. 660 Indet. 53.5 (+)
Substitutions
for F1;
1. 40 (+3) 190 (L) Nd. 2. 36X 10 4 Indet. 124 (=)
L 81 (433) 4,100 (L) Nd. 170 Indet. 24 (+)
1. 96 (444) <10 (H) Nd. 2.1 Indet. <4.8 (+7)
2.20 (+62) <10 (H) Nd. .4 Indet. <25 (+?)

! Enrichment factor is the number of times an element (ion) is more abundant in
the apatite than it is in the martite or with respect to its Clarke. Impoverishment
factor is the inverse.

3 Values of elements (ions) in the fluorapatite are considered to be the truest values.

3 Values of elements (fons) in the martite were determined by semiquantitative
spectrographic analyses by N. M. Conklin, except as otherwise noted.

4 Clarkes (crustal abundances) are from Vinogradov (1962), except the Clarke for
OH, which is from Mason (1958).

100 with respect to its Clarke, despite the fact that the
martite contains more copper (3 ppm). This suggests to
us that copper entered the apatite as the divalent ion
whose radius size is less favorable than that of mono-
valent for replacement of Cat*2.

Srt? and Ba*? also illustrate very well the difficulty
a large ion has in entering the apatite lattice. Although

359-403 0—69——7

s For simplicity, when an ion is being considered, all the element is considered to
be in that ion’s valent state; for example, when the ion is Fe+3, all the iron in the
crust (Clarke) and all the iron in the martite is considered to be in the trivalent state.

¢ If Al+3 substitutes for P+¢ (4-fold coordination), the size differential would be
Al+3=0.49 A (448 3ercent).

7 Gutzeit method.

the martite contains slightly more barium than stron-
tium, the impoverishment factor for Ba (with respect
to its Clarke) is over 300, whereas Sr is enriched (with
respect to its Clarke) almost twice.

Probably the most remarkable fact we have learned
about this apatite is the inability of Fe™? to enter the
lattice. Despite crystallization within an iron ore host,
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no Fet? (<100 ppm) was found in the apatite by
chemical analysis, leading to an impoverishment factor
(with respect to its Clarke) of >>465. The impoverish-
ment factor with respect to the martite host is >>7,000.
Clearly, iron has been excluded from the apatite so
thoroughly that apatite analyses reporting iron, at least
from igneous iron ore deposits, should be considered
carefully before being accepted.

In contrast to iron, all the rare earths show excep-
tional ability to be scavenged or concentrated by the
apatite, especially since rare earths could not be de-
tected in the martite. As is usual in apatite, the Ce
earths predominate over the Y earths. The Ce group
elements (Ce, La, Pr, Nd, Sm, Eu) total 1.20 weight
percent; the Y group elements (Y, Yb, Gd, Tb, Dy,
Ho, Er, Tm, Lu) total 0.14 weight percent, yielding a
Ce group/Y group ratio of 8.6. This is considerably
lower than the ratio of 17.25 for the fluor-chlor-oxy-apa-
tite from pegmatite described by Young and Munson
(1966).

Ti** is fairly abundant in the martite (5,000 ppm),
yet there is only <0.8 ppm Ti** in the apatite. By
contrast, there is <10 ppm Zr** in the martite, but
the apatite contains 23 ppm. The fact that the Tit
ion is only slightly smaller than the Zr** ion does not
seem reason enough for the extreme impoverishment of
Ti** in the apatite. Th™ and U** are both very close
to Cat? in ionic size and also show enrichment factors,
indicating favorableness for replacement when ionic
size differentials are small. The strong affinity of apa-
tite for thorium and uranium is emphasized by the
small amounts of thorium and uranium in the martite
(5.7 ppm Th and 0.5 ppm U, both values being less
than their respective Clarkes).

3. Ions which replace P+°*—Both the pentavalent and
hexavalent ions As™ and S*® replace P*® successfully
enough to show enrichment factors. In view of the
enrichment of 350 for As (with respect to its Clarke),
apparently a size differential of +33 percent is tolerated
easily for 4-fold coordination, whereas for 7- or 9-fold
coordination such a large size differential virtually ex-
cludes entry.

V+5, despite the large size differential (470 percent),
replaces P+® more successfully than Cr*® (4-48 percent),
but this may be the result of more available V, the
martite containing 1,500 ppm V, but only 3 ppm Cr.

4. Ions which replace F~'.—The martite offers a very
anhydrous environment, hence the sparsity of water
found in the apatite is not surprising. Cl17! shows en-
richment, but contents of Br~ and I~ were not deter-
mined adequately enough to indicate trends.

MINERALOGY
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RESIDUAL CLAY DEPOSITS IN ROCKS OF EARLY AND
MIDDLE DEVONIAN AGE NEAR KUNKLETOWN, PENNSYLVANIA

By JACK B. EPSTEIN and JOHN W. HOSTERMAN, Beltsville, Md.

Work done in cooperation with the Pennsylvania Geological Survey

Abstract—Residual white clay deposits and sedimentary rock
saprolites occur in complexly folded cherty shaly limestones
and limy shales of Early and Middle Devonian age in Cherry
and Chestnut Ridges between Kunkletown and Saylorsburg,
Monroe County, Pa. The deposits are located southwest of the
Wisconsin-age terminal moraine and are believed to have formed
during pre-Wisconsin weathering. Comparison of fresh rocks
with weathered counterparts shows that in the saprolites calcite
and minor dolomite have been removed by leaching, 2M
muscovite has altered to Md muscovite, and chlorite has been
removed with the development of kaolinite. Since 1891, the
residual white clay has been used for brick, ceramics, porcelain,
electrical insulators, and paint, and is presently used in the
manufacture of white cement.

Residual white clay deposits are found in Cherry and
Chestnut Ridges between Kunkletown and Saylors-
burg, Monroe County, Pa. (fig. 1). The clay is currently
being removed from limy shales and shaly limestones
of the New Scotland Formation and Shriver Chert of
Early Devonian age and Buttermilk Falls Limestone
of Willard (1988) of Middle Devonian age. These de-
posits have been worked since 1891. Characteristics
of the clay and the mining history of the clay deposits
are described by Peck (1922), Ries, Bayley, and
others (1922, p. 111-115), and Leighton (1934, p. 17—
19; 1941, p. 183-187). The clay has been used as filler
for paper and rubber, and for the manufacture of
porcelain, brick, electrical insulators, ceramics, paint,
and white cement. The clay is currently used in the
manufacture of white cement by the Universal Atlas
Cement Co. The following description of the white
clay operations near Kunkletown, Pa., was supplied
by George F. Smith, geologist, Universal Atlas Cement
Division, United States Steel Corp. (written commun.,
1967) :

Since 1932, Universal Atlas has used clay from the Kunkletown
property as a raw material in the manufacture of White Cement

at Northampton, Pa. Cement raw materials must be blended to
reach certain fixed ratios of Si0., Al:0; and CaO before calein-
ing. The silica, alumina, and ferric oxide components of White
Cement are obtained from the Kunkletown pits by proper pro-
portioning of the clays found there. White Cement raw-material
requirements include a very low Fe.0:; content; the Kunkletown
clays meet this requirement.

Prospecting starts with air-photo-based contour maps and
selection of topographically favorable areas, followed by self-
potential and resistivity studies to pinpoint probable low-iron
clay bodies. Test drilling, using rotary or driven coring methods,
is then used to outline the clay bodies and to determine their
actual composition.

Development of the pits requires some additional test drilling
or test pits, but day-to-day operations are guided largely by the
experience of the supervisors, who use visual clues for silica and
iron content. The supervisors are also aided by daily sample
reports from the chemical laboratory at Northampton.

These clay pits provide 200 tons of raw material per day. One
small power shovel loads the 15-ton trucks for the 22-mile haul
to Northampton, where the clay is crushed, ground, made into
a slurry, and blended with limestone into cement-kiln feed.

Epstein has investigated these deposits in conjunc-
tion with mapping and miscellaneous geologic studies
in the Stroudsburg, Wind Gap, Saylorsburg, Kunkle-
town, Palmerton, and Lehighton 714-minute quad-
rangles. The deposits near Kunkletown were investi-
gated as part of a more comprehensive study of the
clays in northern Appalachia, including detailed X-ray
diffraction and fluorescence analyses by Hosterman. We
wish to thank George F. Smith, of Universal Atlas
Cement Division of United States Steel Corp., for his
cooperation in all phases of the investigation. A. G.
Epstein assisted in stratigraphic studies in the area.

STRATIGRAPHY

The clay deposits occur within a heterogeneous
assemblage of weathered Upper Silurian through
Middle Devonian limestone, shale, siltstone, sandstone,
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Figure 1.—OQutcrop belt of Lower and Middle Devonian rocks (shaded area) containing residual clay deposits in
eastern Pennsylvania, maximum southwest extent of the Wisconsin glacier, and locations of samples deseribed

in this report.

and dolomite (fig. 2). Unweathered outcrops of these
rocks are rare west of Bossardsville, Pa., but northeast
of Bossardsville fresh rocks crop out in abundance.
These have been described by Epstein and others
(1967). Several unweathered beds were sampled and
are described in table 1. The rocks in the active claypit
area are described in figure 8. The clays are probably
more than 100 feet thick in many places; and in the
pit shown in figure 5, a hole penetrated 182 feet of
clay without reaching unweathered rock (G. F. Smith,
oral commun., 1969).

Clay has been and is currently being removed from
the New Scotland Formation, Shriver Chert of the
Oriskany Group, and Buttermilk Falls Limestone.
Where fresh, these rocks are generally cherty silty
argillaceous limestones and limy shales (table 1). These
have been weathered to silty clays and clayey silts.
The best clays are white to light gray, but some are
stained various shades of red and yellow. In some of
the deposits, the chert has not been completely leached
and remains as hard nodular impurities. The units
in which the clays occur become thinner and less pure
(less calcareous and more siliceous and iron stained)
westward, so that they are not worked west of Little
Gap. Chance (in White, 1882, p. 356) reported 3 to 8
feet of clay in the Esopus Formation (his caudi-galli
grit) in the Lehigh Gap area. Willard (1957, p. 2300)
reported a similar thin clay at the base of the Esopus

in Stony Ridge along the Pennsylvania Turnpike ex-
tension, 3.5 miles west of Lehigh Gap. The clay in the
Lehigh Gap area is too thin to have any commercial
value. To the east, the thickest deposits occur in the
Saylorsburg area where they have been extensively
worked (Peck, 1922). Farther eastward, beyond Bos-
sardsville and the Wisconsin terminal moraine, no
residual clay deposits are found. The most promising
areas for prospecting are about two miles east of the
presently active area where pit operations should prove
most profitable, and between Kunkletown and about
one mile west of Saylorsburg, where underground
workings might be considered.

STRUCTURAL GEOLOGY

Cherry and Chestnut Ridges are prominent topo-
graphic features underlain by complexly folded strata
lying north of Blue Mountain in the Valley and Ridge
province of eastern Pennsylvania. The folds are gen-
erally asymmetric and, depending on the rock types
involved, are either concentric or similar. Both flexural
and passive mechanisms appear to have been operative.
Wavelengths of folds average about 1,000 feet and
amplitudes average about 250 feet. Axes generally
plunge gently westward, and axial planes dip steeply
to gently southward. Locally, axial planes dip gently
northward and overturned south-dipping beds can be
traced into north-dipping doubly overturned beds
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Fieure 2.—Diagrammatic cross section of Upper Silurian to Middle Devonian strata in eastern Pennsylvania and strati-
graphic position of samples (numbered symbols) described in this report (modified from Epstein and Epstein, 1969).

defining antiforms and synforms (figs. 4 and 5, section
B-B’). Erosion of these folds has produced a com-
plex outcrop pattern, especially east of the area shown
in figure 4. Accurate knowledge of the areal distribu-
tion of the clay-bearing formations is, therefore, essen-
tial for future exploitation.

In the area currently being worked, the clay-bearing
units crop out in long narrow belts and are repeated
by folding (figs. 4, 5, and 6). Noses are common in
the eastern section. Pit operations are confined to the

top of the ridge where overburden is not a great
problem. Underground mining in the sides of the
ridge has not been attempted here as it once was in the
Saylorsburg area (Peck, 1922).

MINERALOGY

The mineralogy of seven samples of unweathered
bedrock was determined and compared with that of
49 samples from seven auger holes of equivalent
weathered rocks in order to determine the mineralog-
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UNIT DESCRIPTION
FEET Union Springs Shale .
e Member of the Shale, grayish-black, fissile, carbonaceous

Marcellus Shale

Buttermilk Falls Clay, silty clay, and chert. Weathered; white and varicolored.
Limestone Chert in pods and irregular beds. Hematitic near top.
of Willard (1938) Fossiliferous. Thickness approximate
. ‘@ ‘. Ocgooe
.o N
400— S '°: Sandstone and conglomeratic sandstone. Sandstone, very
LT ‘¢ Palmerton Sandstone coarse to coarse-grained. Quartz pebbles as much as 3
cooo . - - of Swartz (1939) inch long. Medium dark gray; weathers yellowish orange.
ess . .. Scattered coral molds. Thickness approximate
S O« o
6' o o

300 —.. T._"A| Schoharie and Esopus Siltstone and silty shale. Weathered; varicolored; minor chert;

Formations, fossiliferous. Thickness approximate
undifferentiated

a Ridgel Quartz-pebble conglomerate. Pebbles rounded to well
3 s ! dget ey rounded; as much as 1 inch long. Crossbedded. Abundant
5 andstone lenses and beds of brachiopod shell hash
o)
8
x : Chert, conglomerate, sandstone, and minor clay. Weathered;
[ Shriver ; .
= Chert very light gray to light gray. Chert replaces quartz sand
o and pebbles. Acrospirifer murchisoni
Chert, clay, and silty and arenaceous clay. Weathered; white
New Scotland to light gray, pale yellowish orange to light brown. Lenses
Formation and thin beds of coarse-grained sandstone near top. Fos-

sils, mainly brachiopods, abundant, especially in chert

Sandstone and minor beds and lenses of conglomerate. Sand-
Stormville Member stone,. v_ery fine giramed to coarse-gramed. Conglomerate:

of the containing pebbles as much as 1 inch long. Weathered;
very pale orange to dark yellowish orange; crossbedded in
places; scattered molds of crinoid columnals and brachio-
pods

Coeymans Formation

Decker Formation Siltstone, sandstone, and shale. Weathered; pale yellowish
orange to moderate brown; limonitic and hematitic

Ficure 3.—Stratigraphic units exposed in claypits and sandpits of the Universal Atlas Cement Co.,
near Kunkletown, Pa. Modified from Epstein and Epstein (1967).
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INTENSITY —>=

60° 50° 40° 30° 20° 10° 0°
26

Ficure 7.—Typical X-ray diffractometer traces of fresh and
weathered Buttermilk Falls Limestone of Willard (1938).
CuKea radiation. 4, Unweathered whole rock (table 1, sam-
ple 13); Ch, chlorite; I, illite; Q, quartz; C, calcite. B, Same
sample as A; chlorite and calcite removed by treatment in
boiling 6/ hydrochloric acid for 3 hours; quartz removed by
settling out >4 micron particles; I, 2M illite. C, Weathered
sample from auger hole 7 (table 2); quartz removed by settling
out >4 micron particles; I, Md illite; K, kaolinite.

R
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THE SECOND LAKE ANTICLINE—A MAJOR STRUCTURE ON THE NORTH-
WEST LIMB OF THE BOUNDARY MOUNTAIN ANTICLINORIUM, NORTHERN
NEW HAMPSHIRE, WEST-CENTRAL MAINE, AND ADJACENT QUEBEC

By DAVID S. HARWOOD, Washington, D.C.

Abstract—A narrow belt of greenstone, graywacke, and
slate in northern New Hampshire, west-central Maine, and
adjacent Quebec, previously thought to be Devonian, is
correlated with the Dixville Formation (Middle Ordovician)
and is inferred to lie in the core of an anticline, the Second
Lake anticline, on the northwest limb of the Boundary Moun-
tain anticlinorium. The name Deer Brook syncline is proposed
for the belt of Silurian and Devonian rocks that separates, in
part, the rocks in the Second Lake anticline from the pre-
Silurian rocks in the Boundary Mountain anticlinorium.

The Boundary Mountain anticlinorium (Albee,
1961) trends northeast across northern New Hampshire
and west-central Maine (fig. 1). It contains a core
of pre-Silurian rocks bounded on the northwest by
Silurian and Devonian rocks of the Connecticut Val-
ley-Gaspé synclinorium (Cady, 1960) and on the south-
east by Silurian and Devonian rocks of the Moose
River synclinorium (Boucot, 1961) (fig. 1) and the
Merrimack synclinorium (Osberg and others, 1968)
(southeast of area of fig. 1).

The core of the anticlinorium is composed of rocks
of known Middle Ordovician age (Harwood and
Berry, 1967) and older rocks of probable Middle and
Early Ordovician age and possible Late Cambrian
age (Green, 1964; 1968) that have been assigned to
the Dixville and Albee Formations, the Aziscohos For-
mation of Green (1964), and the Arnold River For-
mation of Marleau (1968). North of the 45th parallel,
these rocks are predominantly slates, graywackes, and
greenstones in the chlorite zone of regional metamor-
phism; to the south, they are schists, gneisses, and
amphibolites in the garnet, staurolite, and sillimanite
zones of metamorphism (Green and Guidotti, 1968,
fig. 19-5).

The rocks on the northwest flank of the anticlinorium
are interbedded slate, metasandstone, and felsic and
mafic metavoleanic rocks that have been mapped as

the Kidderville Formation of Hatch (1963), the Fron-
tenac Formation (Marleau, 1957, 1959; Green, 1968),
and the Seboomook Formation (Marleau, 1959; Green,
1968). A1l these rocks have been considered to be of
Early Devonian age and to form a virtually homo-
clinal northwest-facing sequence that continues at least
as far northwest as the trace of the Frontenac syncline
(Marleau, 1959 ; Green and Guidotti, 1968) (fig. 1).

Stratigraphic and structural evidence presented in
this report indicates that at least part of the Kidder-
ville Formation of Hatch (1963) and part of the Fron-
tenac Formation of Marleau (1957) may be pre-
Silurian in age and may lie in the core of a subsidiary
anticline on the northwest flank of the Boundary
Mountain anticlinorium. This interpretation is an al-
ternative to the interpretation of the structure of the
northwest limb of the Boundary Mountain anti-
clinorium recently proposed by Green and Guidotti
(1968).

PREVIOUS WORK

Early reports, beginning about 1850, on the age and
structural relations of the rocks on the northwest limb
of the Boundary Mountain anticlinorium and the Con-
necticut Valley-Gaspé synclinorium to the northwest
have been discussed and synthesized by Cady (1960).
The synthesis by Cady (1960) shows a synclinorium of
Silurian and Devonian rocks—the Connecticut Valley-
Gaspé synclinorium—situated in eastern Vermont and
southeastern Quebec between an anticlinorium of pre-
Silurian rocks on the west—the Green Mountain
anticlinorium—and the Boundary Mountain anti-
clinorium on the east.

On the northwest limp of the Boundary Mountain
anticlinorium in the Woburn area of Quebec (fig. 1),
Marleau (1957, 1968) mapped a belt of greenish-gray
slate containing lenses of greenstone flanked to the
northwest and southeast by interbedded gray slate and
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metasandstone. He retained the name Frontenac For-
mation of McGerrigle (1935) for the slate and volcanic
unit and the name Compton Formation of McGerrigle
(1935) for the gray slate and metasandstone to the
northwest. The unit of gray slate and metasandstone
mapped southeast of the Frontenac Formation by
Marleau extends into west-central Maine (Albee, 1961)
and is equivalent to the Seboomook Formation (Boucot,
1961) of Early Devonian age. Marleau (1959) located
the trace of the Frontenac syncline (fig. 1) on the basis
of pillow structures in the lenses of greenstone north-
east of Lake Megantic (fig. 1) and correlated the
Compton Formation on the northwest limb of this
syncline with the Seboomook Formation on the south-
east limb. This correlation and structural interpreta-
tion required the Compton and Frontenac Formations
to be Devonian in age rather than Ordovician as pro-
posed by McGerrigle (1935). Marleau considered the
thick greenstone associated with slate, graywacke, and
serpentinite that extends southwest of the south end
of Lake Megantic (fig. 1) to be equivalent to the thin
lenses of greenstone he found elsewhere in the Fron-
tenac Formation and thus to be of Devonian age.

In the Dixville quadrangle (fig. 1), Hatch (1963)
mapped a northeast-trending belt of metavolcanic rocks
and schists, which he called the Kidderville Formation,
northwest of the Dixville Formation of Ordovician
age and southeast of the Gile Mountain Formation of
Devonian age. He divided the Kidderville into an
eastern felsic volcanic member and a western mafic vol-
canic member. Although Billings (1956) considered
the rocks mapped as Kidderville to be the Orfordville
Formation (Ordovician) (Hadley, 1942), Hatch (1963,
p- 27) assigned a Devonian age to his Kidderville For-
mation because of its probable continuation to the
northeast into rocks mapped as the Seboomook and
Frontenac Formations (Devonian) by Marleau (1957).
The Kidderville Formation of Hatch (1963) is bounded
on the northwest by gray schist, phyllite, quartzite and
thin lenses of greenstone assigned by Hatch to the Gile
Mountain Formation of Devonian age. Hatch (1963,
fig. 4; pl. 1) mapped the trace of his East Colebrook
syncline through the middle of the lenses of greenstone
and considered the Gile Mountain to be stratigraphi-
cally above his Kidderville Formation.

Green (1968) traced the mafic and falsic volcanic
members of the Kidderville Formation of Hatch (1963)
northeastward into the Frontenac and Seboomook For-
mations, respectively, as mapped by Marleau (1957) to
the international boundary. Green retained the Devo-
nian age for these rocks which he called Frontenac and
Seboomook rather than Kidderville. The gray schist,
phyllite, quartzite, and lenses of greenstone continuous

359-403 0—69——8
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with rocks assigned to the Gile Mountain Formation
by Hatch (1963) were mapped as the Frontenac and
Compton Formations by Green (1968). Green (1968)
extended the trace of the Frontenac syncline of Mar-
leau southwestward into northern New Hampshire,
and correlated the rocks continuous with the mafic
member of the Kidderville Formation of Hatch (1963)
on the southeast limb of the syncline with lenses of
greenstone apparently continuous with those mapped
by Marleau (1957) on the northwest limb of the syn-
cline. Green and Guidotti (1968, fig. 19-2), however,
show the lenses of greenstone on the northwest limb
of the Frontenac syncline to be stratigraphically equiv-
alent to the lenses of greenstone mapped by Hatch
(1963) in the Gile Mountain Formation and considered
by Hatch (1963, fig. 4) to be younger than his Kidder-
ville Formation.

In a recent summary of the geology of the Boundary
Mountain anticlinorium, Green and Guidotti (1968, p.
261) consider the possibility that the mafic member of
the Kidderville Formation of Hatch (1963) and the
rocks continuous with it could be pre-Silurian, but they
dismiss this alternative interpretation because “meta-
basaltic pillows in this belt indicate younger rocks to
the northwest.” Green (1968, p. 1628) also cites these
pillow structures and the apparent symmetrical distri-
bution of rock units as evidence for the existence and
position of the Frontenac syncline.

STRATIGRAPHIC RELATIONS IN THE ARNOLD POND
QUADRANGLE

Near marker post 460 on the international boundary
(fig. 2), feldspathic graywacke, black slate, and green-
stone of the Magalloway Member of Green (1968, p.
1610) of the Dixville Formation underlies a unit of
gray calcareous slate containing lenses of limestone
and limestone conglomerate. The Magalloway Member
(upper graywacke part of Dixville of Harwood and
Berry, 1967, p. D20) is considered of Middle Ordovi-
cian age. Recrystallized fragments of halysitid corals
and other fossils, found by Green (1968, p. 1615) in
a lens of limestone above the Magalloway indicate a
Late Silurian (Ludlow) age. Although it was not seen
in outerop, the Taconic unconformity is believed to lie
at the base of the calcareous slate because of the diver-
gent dips in the Silurian and pre-Silurian rocks and the
apparent truncation of a thin layer of greenstone in the
Magalloway Member south of Lower Black Pond (fig.
2). The Magalloway Member of Green (1968) is herein
adopted as the upper member of the Dixville Formation,
and the type locality is designated as on the south
slopes of Thrasher Peaks in Parmachenee Township,
Maine.
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INDEX OF GEOLOGIC MAPPING

1. Woburn, Megantic-East, Armstrong
area—detailed mapping by Marleau
(1957, 1968); McGerrigle (1935)

2. Skinner, Attean, Chain Lakes, Spen-
cer and parts of Long Pond and
Pierce Pond quadrangles. Detailed
and reconnaissance mapping by
Albee and Boudette (1961), Bou-
cot and others (1964)

3. Arnold Pond; detailed mapping by
Harwood (1968; this report)

4, Cupsuptic quadrangle; detailed,
Harwood (1966), Harwood and
Berry (1967)

5. Second Lake and Moose Bog quad-
rangles; detailed, Green (1968)

6. Indian Stream quadrangle; recon-
naissance, Billings (1956)

7. Dixville quadrangles; detailed

Hatch (1963)
. Errol quadrangle ( western part);
detailed, Green (1964)

oo

Fie1Rs

F16urE 1.—Generalized geologic map of west-central Maine, northern New Hampshire, and adjacent Quebee, Canada, showing the
position of the proposed Second Lake anticline and the Deer Brook syneline.
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alluvium-covered surface within 3800 feet southeast of
the roadcut.

LITHOLOGY

The partly altered tuff is white, lightweight, massive,
earthy, and noncalcareous. It is flecked with minute
black spots about 0.5 to 1.0 millimeter across. Chips of
the tuff about an inch across float on water for a
few seconds, but slowly sink as surficial pore space
fills with water. The bulk density is about 1.0. The
densities of the component vitric shards and mont-
morillonite were not determined, but if they each are
assumed to be approximately 2.3 (Berman and others,
1942, p. 11, 16) the porosity of the altered tuff exceeds
50 percent. In spite of this high porosity, the altered
tuff is nearly impermeable, probably because of its
fine grain and slight swelling of the clay induced by
water. The massive, partly altered tuff breaks with a
subconchoidal fracture. A macroscopically obscure pre-
ferred planar orientation of the platy glass shards is
revealed by microscopic examination.

Most of the vitric shards which form roughly half
the altered tuff are platy. Most are less than 15 mm
long, although a few are as much as 14 mm long. A
few shards are threads, forked threads, minute spheres,
and intersecting platelets. The index of refraction of
the glass is 1.503=0.002; in natural voleanic glass of
typical composition this indicates about a 72-percent
silica content (George, 1924, p. 365).

The only abundant mineral in the tuff is dioctahedral
montmorillonite, which has been identified by X-ray
diffraction analysis. The clay, concentrated by settling
out of the generally coarser vitric shards, is moderate
to dark yellow (2.5Y 6/6 to 2.5Y 8/6, Munsell Color Co.,
Inc., 1954). The montmorillonite is presumably an al-
teration product of primary vitric shards (Kiersch and
Keller, 1955, p. 482-490). A very small amount of
quartz is recognized from a weak reflection at 3.33
angstroms, and a trace of illitic clay may be represented
by a barely perceptible reflection at 9.9 A.

The tuff contains a few percent of material coarser
than 14 mm. This material is mostly well-rounded
frosted quartz grains. These are clearly detrital con-
taminants in the tuff; they are similar in size, round-
ing, frosting, and coloration to grains of the indurated
quartzose sandstone that underlies much of north-
eastern Arizona. Fine feldspar revealed by X-ray
diffraction analysis of coarse concentrates from the
tuff may be either volcanic or detrital. The minute
black specks in the tuff are small clusters of clastic
silt grains cemented by an abundant black matrix.
Iron in the black clusters is revealed by a high back-
ground on the X-ray diffraction traces generated with
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copper radiation. Quartz and feldspar are present in
the cemented clusters, but no crystalline iron or man-
ganese minerals were noted. The black cement is inter-
preted as an amorphous phase or phases of hydrous
iron oxide, and possibly manganese oxide.

PROPOSED CORRELATION

The tuff block at Tonalea is almost certainly derived
from a tuff bed within the Bidahochi Formation. It was
not eroded from Mesozoic or older rocks of the area,
because tuffs of the older units have all been totally
altered to argillaceous bentonite that differs markedly
from the block at Tonalea in clay content, color inten-
sity, and a characteristic, although small, content of
biotite, feldspar, and quartz crystals. The partly al-
tered tuff block at Tonalea is remarkably like an
altered tuff in the Bidahochi Formation near Sanders,
Ariz. (Nutting, 1943, p. 152; Kiersch and Keller,
1955). Kiersch and Keller (1955, p. 476) reported that
the altered tuff in the Sanders area is the basal bed
of the upper member (Repenning and Irwin, 1954, p.
1823) of the Bidahochi, filling erosional channels cut
on the surface of the lower member. Numerous tuffs
are interbedded in the lower member, but the tuff
block at Tonalea particularly resembles the tuff from
the base of the upper member in these features: (1)
thickness exceeding several feet; (2) white color,
earthy texture, and massiveness; (3) almost crystal-
free vitric composition; (4) nearly similar index of
refraction for fresh glass shards; 1.503 for the Tonalea
glass, 1.498 for the Sanders material (Kiersch and
Keller, 1955, p. 486); (5) partial alteration to mont-
morillonite—the X-ray diffraction trace of a glycolated
whole-rock sample from the Tonalea block is nearly
identical with that published for partly altered tuff
from Sanders (Kiersch and Keller, 1955, fig. 8B, p.
485) ; and (6) specks of black cement which are prob-
ably hydrous iron and possibly manganese oxide (Nut-
ting, 1943, p. 152). These similarities do not prove that
the block at Tonalea was derived from the tuff at the
base of the upper member of the Bidalochi, but they
are petrographically consistent with such an origin.

The Bidahochi Formation, a lacustrine and partly
fluvial deposit, is limited on the south by the Mogollon
Plateau, on the east by the Zuni and Defiance uplifts,
and on the north by Black Mesa (Repenning and Ir-
win, 1954, p. 1821; Kiersch and Keller, 1955, p. 477;
Cooley and Akers, 1961; Cooley and Davidson, 1963,
p- 26-27). The thick blanketlike “lens deposits” of
altered tuff near Sanders formed on a broad shallow
lacustrine shelf abutting the Defiance uplift. These clay
deposits are now preserved at elevations between 5,900
and 6,100 feet (calculated from maps of Kiersch and
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Keller, 1955, p. 472-473; and Cooley and Akers, 1961,
p. C247). Smaller elongate deposits in the same area,
now preserved at elevations of 6,300 to 6,600 feet,
probably accumulated in fluvial channels feeding the
ancient lake. Because of postdepositional erosion the
western limits of the lacustrine deposition of the Bida-
hochi are unknown. The large tuff block at Tonalea
probably could not have survived transport for more
than a few miles at most, so a marginal lacustrine shelf
area favorable for tuff accumulation probably was
nearby. This shelf area may have included the west
edge of Black Mesa about 3 miles east of Tonalea,
and the high ground on the Kaibito Plateau 5-10 miles
north and northwest of Tonalea. Subsequent erosion
has removed all or most of the tuffaceous deposits
that may have accumulated on shelves in this area, and
therefore the eroded and redeposited block near Tona-
lea is one of the few preserved records west of Hopi
Buttes of this stage of Pliocene lacustrine deposition,
and is supporting evidence that the lacustrine basin, in
which the Bidahochi Formation accumulated, originally
extended some 80 miles northwest of its previously noted
outcrops near Bidahochi.

M. E. Cooley (written commun., 1966) has noted the
presence of the Tonalea outcrop and a few other locally
preserved remnants which indicate that the Bidahochi
Formation probably extended into the Tonalea area
and westward nearly to Echo Cliffs. The channellike
trough, in which the tufl blocks at Tonalea occur,
probably was cut during the Black Point cycle of
erosion, which followed deposition of the Bidahochi
(Cooley and Akers, 1961; Cooley, written commun.,
1966).

POSSIBLE ERUPTIVE SOURCE

The eruptive source of this and other tuffs in the
Bidahochi Formation is unknown. However, the tuff
is well dated paleontologically and also by isotope
analysis. Constructive inferences may be made about
the nature of the volcanic source and its probable
location.

At White Cone Peak (near Bidahochi in Hopi
Buttes) a land-mammal fauna, principally of beavers,
just above the base of the White Cone Member of
Shoemaker and others (1957) of the Bidahochi For-
mation (which equals the upper member) is at virtual-
ly the same stratigraphic level as the tuff. The fauna
is Hemphillian provincial age of Wood and others
(1941) (middle Pliocene age) or possibly early Blan-
can provincial age (late Pliocene age) of Wood and
others (1941). A whole-rock potassium-argon isotope
analysis indicates an age of 4.1 million years for a
mafic lava flow from the volcanic member of the Bida-
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hochi that is also nearly equivalent to the tuff (Evern-
den and others, 1964, p. 164, 190). The whole-rock
isotope age determination, which depends on the reten-
tion of argon in feldspar crystals less than 0.03 mm
long, is considered by Evernden and his colleagues as
a minimum age; the true age may be as much as several
million years greater.

FEolian crossbeds in the upper member of the Bida-
hochi Formation indicate that the prevailing wind di-
rection then as now was from the southwest (Cooley
and others, 1969) ; accordingly the eruptive center most
probably was to the southwest—in southwestern Ari-
zona, southeastern California, or northern Baja Cali-
fornia.

The source is estimated to have been 50 to 500 miles
from the Tonalea and Sanders localities because of the
fineness of the vitric shards (predominantly less than
14 mm), the paucity and small size of the volcanic
feldspar crystals in the tuff (not more than 1 or 2
percent of the whole volume), and the textural similar-
ity of the tuff at Tonalea to that at Sanders, which is
120 miles away. Median diameters of Tertiary and
Quaternary ash falls were plotted as a function of dis-
tance from source by Fisher (1966, fig. 3, p. 710) ; tuffs
25 to 500 miles from their source had median diameters
of 14 mmm to 4, mm. The original median diameter of
the unaltered vitrie shards in the tuff at Tonalea was
probably much less than 15 mm, suggesting that the
tuff was airborne from a source more than 100 miles
away.

The glass is rhyolitic as judged from the index of
refraction (1.503), and from its water-free 73-percent-
silica content calculated from an analysis published by
Nutting (1943, p. 183). The original volume of this
thick and, presumably, once-extensive tuff bed was
huge. The source of the tuff was most probably a large
rhyolitic caldera of mid-Pliocene age. None of the
nearby igneous centers fit this description. The igneous
rocks of the Hopi Buttes between Tonalea and Sanders
are ultramafic and mafic-alkalic rather than rhyolitic.
The San Francisco volcanic field, about 100 miles
southwest, consists primarily of mafic lavas with some
limited amounts of intermediate rocks, but no large
centers of rhyolitic volcanism.

The Thirteen Mile Rock (Hackberry Mountain)
volcanic pile, about 150 miles southwest of Sanders, is
probably the type of large center from which the tuff
in the Bidahochi Formation was erupted (Sabels,
1960, 1962). However, the base of this pile has been
dated by a potassium-argon determination on mica
from a coarse tuff breccia as 14 million years old. It
is unknown whether eruption associated with this cen-
ter continued until deposition of the upper member of
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the Bidahochi, about 4 to 8 million years ago. Other
late Tertiary, but not precisely dated, centers of rhyo-
litic eruption are known throughout southwestern
Arizona and adjacent States. Any of these may have
been the source of the tuff in the Bidahochi Formation.
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NEW LOCATIONS OF PLEISTOCENE (KANSAN) MOLLUSCAN
AND OSTRACODE FAUNAS, DICKINSON COUNTY, KANSAS

By EDWIN D. GUTENTAG ! and CARLOS GALLI-OLIVIER,?

Garden City, Kans., Lawrence, Kans.

‘Work done in cooperation with the State Geological Survey of Kansas and
the Division of Water Resources of the Kansas Statc Board of Agriculture

Abstract.—Identification of the lithologic composition and
faunal content of Pleistocene deposits at the Abilene and
Chapman quarries indicates a Kansan age. The Pearlette Ash
Member of the Sappa Formation found at the Abilene quarry
is considered to be of late Kansan age. A study of the inferred
habitats at the Abilene quarry shows a succession of habitats:
(1) perennial stream, (2) lake or pond, (3) small pond with
deposition of the ash, and (4) terrestrial. At Chapman the
faunal data indicate aquatic habitats.

The Pleistocene deposits along the Smoky Hill River
valley in Dickinson County, Kans., are extremely
varied lithologically and spatially. These discontinuous
and lithologically heterogeneous deposits are difficult to
correlate without the aid of guide fossils or strati-
graphic markers.

The purpose of this paper is to extend the knowledge
of the early Pleistocene deposits in the region by de-
scribing the lithologic composition and faunal content
of two quarries. The habitat preference of the con-
tained fauna indicates the prevailing environmental
conditions at the time that the associated sediments
were deposited.

The Abilene quarry (fig. 1) is about 2.4 miles south-
east of Abilene in the NW14,NE1,SW1/ sec. 26, T. 13
S., R. 2 E.; the Chapman quarry is about 2 miles east
of Chapman in the SE1,SE1 sec. 28, T.12 S.,R. 4 E,,
about 13 miles east-northeast of Abilene. These ex-
posures were studied as part of a general reconnais-
sance of the Pleistocene deposits of the Smoky Hill
River valley by Galli-Olivier.

1U.8. Geological Survey.
? State Geological Survey of Kansas. Present address: Department
of Geology, Wayne State University, Detroit, Mich. 48202.
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Ficure 1.—Map of Dickinson County, Kans., showing locations
of sites sampled. A, Abilene quarry; B, Chapman quarry;
C, Turkey Creek site.
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STRATIGRAPHIC RELATIONSHIP

Abilene quarry

The Pleistocene stratigraphic section of the Abilene
quarry (fig. 2) described below was measured by
Galli-Olivier in July 1968 on the walls of an inactive
quarry in the NW1,NE1,SW1/ sec. 26, T. 13 S, R. 2
E., starting with the lowermost exposures of conglom-
erate and continuing into the next higher beds in ad-
jacent walls.

Thick-
ness
Unit and description (feet)
A7. Organiesoil __________________________ e Varied
A6. Silt (loess), yellowish-orange, friable; contains
calcium carbonate coneretions. . ________________ 8
A5. Clay, yellowish-brown, friable; contains calcium
carbonate coneretions_ - ____________________.__ 5

A4, Silt, ashy, very pale orange, friable, thin-bedded;
contains calcium carbonate concretions; contains
fossils (gastropods) . .. ... ______.__

A3. Ash, white, well-sorted, friable, thin-bedded, lamin-
ated; very fine angular shards; cut-and-fill struc-
tures on small scale, thinly cross laminated in parts;
contains white rounded concretions of ecalcium
carbonate in upper part; contains few fossils
(gastropods); vertical walls. . _ .. _______________ 8

A2. Clay, yellowish-gray with moderate-brown stains,
friable, thin-bedded; contains few subangular to
subrounded pebbles of limestone, contains fossils
(gastropods) - - - - oo 6

Al. Gravel, light-yellowish-gray, lenticular beds; yellow-
ish-gray silt lenses; thinly crossbedded; weathers to
vertical walls, includes fossils (gastropods, pelecy-
pods, and ostracodes). Matrix is light yellowish
gray, and consists of medium to coarse sand and
fine gravel. Pebbles have maximum diameter of
6 centimeters, estimated mode of 5-7 millimeters;
are mostly subangular to subrounded, a few very
well rounded; surfaced with coating of caleium car-
bonate and limonite; composed of limestone (80
percent) and limonite sandstone, shale, siltstone,
white opal and chert, crystalline quartz, and pink
quartzite. . . .- 9

39. 5

3.5

The ash in unit A3 is correlated with the Pearlette
Ash Member on the basis of the diagnostic properties
of color, refractive index, and shard shape as described
by Frye and others (1948). The ashy silt in unit A4
appears to contain reworked ash from the underlying
unit.

Chapman quarry

The Pleistocene section of the Chapman quarry (fig.
8) described below was measured by Galli-Olivier in
July 1968 on the walls of an active quarry in SE14SE1}
sec. 28, T. 12 S., R. 4 E., beginning at the unconform-
able contact with a limestone of the Chase Group of

Permian age.
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I
Thick-
! ness

Unit and description (feet)

B6. Organic soil, grayish-black; contains WhitGJ caliche in
the lower part-_ . _____ 4
B5. Clay, grayish-orange, moderate dry-strength; con-
tains white hard concretions of caliche; caliche of
the upper part is friable; weathered surfaces are
split horizontally, possibly bedding planes; verti-
cal joints are thinly coated by caliche and oxides
of iron_____ _ o ______ 12
B4. Clay, very-pale-orange to light-olive-gray, indurated,
thinly laminated; lowermost part composed of 0.1
foot of green plastic clay; contains layer of white
calcareous deposit; contains fossils (gastropods and
peleeypods) - - ... 3
B3. Clayey silt, grayish-orange, sandy, indurated, mas-
sive, moderately plastic; sand grains fine to me-
dium, rounded, some spherical and frosted; contains
few pebbles and concretions of calcium carbonate__ 8
B2. Clayey silt, yellowish-red, poorly sorted, sandy, ver-
tically jointed, moderate to high dry-strength,
massive; contains fossils (ostracodes and gastro-
pods); contains white rounded concretions, up to
8 centimeters thick, with associated limonite in
the upper contact with unit B3________________
B1l. Gravel, yellowish-orange, thin-bedded; in the upper
part a yellowish-red sandy eclay contains fossils
and, at the upper contact with unit B2, white con-
cretions of caleium carbonate, 3-4 em thick. Ma-
trix consists of yellowish-orange, very coarse sand
to fine gravel. Pebbles have maximum diameter of
10-15 em and estimated mode of 7 mm; angular
to well rounded; some show luster; composed of
limestone, sandstone, limonite, chert, quartz; con-
tain fossils (gastropods, pelecypods, and ostra-

4.3

Unconformity
Limestone (Chase Group of Permian age)

The measured sections at both quarries are Pleisto-
cene deposits in terrace position. From lithologic data
and stratigraphic position, unit Al at the Abilene
quarry seems to be equivalent to unit B1 at the Chap-
man quarry. A Kansan age is established at the
Abilene quarry section by the presence of the Pearlette
Ash Member (unit A3). At the Chapman quarry no
such marker bed was found and, therefore, fossil data
are the only useful tool.

AGE DETERMINATION

Index fossils of extinct invertebrates are rarely
found in the Pleistocene deposits, and the useful
vertebrate species are not widely distributed. How-
ever, some invertebrate and vertebrate species that
exist unchanged from the Pleistocene to the present
are used to reconstruct past environments because

PALEONTOLOGY
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Ficure 3.—Stratigraphic section of deposits

of the Chapman quarry.
these species are restricted by climate and habitat. Beds
that are lithologically distinct and areally widespread
are generally used in stratigraphic dating. Where
the marker bed is absent, the associated assemblage of
species can serve to identify the stratigraphic unit.
The fossil assemblage associated with the Pearlette
Ash Member, a marker bed of unusually uniform
lithology, serves to identify widely spread strati-
graphic units.

Pearlette Ash Member

The Pearlette Ash Member is found in scattered
localities in an area extending over eight states from
Texas to South Dakota (Frye and Leonard, 1952).
Leonard (1950) considered the Pearlette to represent
Yarmouthian interglacial age and listed the mollusks
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restricted to that period. However, in 1952 Frye and
Leonard reported on mollusks restricted to Kansan
glacial age that also included all the species previously
listed by Leonard as indicative of Yarmouthian inter-
glacial age.

Hibbard (1949a) considered the vertebrates of the
Cudahy fauna, which is found in association with the
Pearlette Ash, to be boreal, thus indicating a closing
phase of a glacial age. In Meade County, Kans., the
Borchers interglacial fauna of Yarmouthian age lies
above weathered Pearlette Ash. Because of the great
compositional difference between the Cudahy glacial
and the Borchers interglacial faunas, Hibbard (1954)
stated that considerable time elapsed after deposition
of the ash and before deposition of the silts and clays
containing the Borchers fauna. Swineford (1968) con-
sidered the deposition of the Pearlette Ash to represent
a moment of time, perhaps a period of 3 days occurring
during late Kansan time.

The association of the ostracode fauna with the
Pearlette Ash was studied at four localities by Benson
(1967). He differentiated two faunas associated with
the Pearlette Ash; the one above the ash was con-
sidered as Yarmouthian; the one below the ash was
considered as late Kansan. Benson’s analysis was
based on the suggestion by Jewett (1963) to place the
Pearlette Ash Member arbitrarily at the boundary be-
tween Kansan glaciation and Yarmouthian interglacia-
tion. In view of Swineford’s concept of Pearlette Ash
deposition occurring possibly over a few days and the
fact that boreal vertebrates occur in the Cudahy fauna,
it would be most fortuitous that the ash fall would
correspond with the Kansan-Yarmouthian time line.
The disruption of the normal ecologic succession of
the pond fauna can be attributed to the catastrophic
ash fall and not to a warming of the climate.

Molluscan fauna

In Dickinson County the occurrence of the Pearlette
Ash Member and its associated molluscan fauna was
reported by Leonard (1950) and Ho and Leonard
(1961) from the roadcut exposure along East Turkey
Creek in the SWYSWY4SW sec. 26, T. 14 S,, R. 2 E.
This site is located on a tributary of the Smoky Hill
River and is about 6 miles south of the Abilene quarry
(fig. 1).

Frye and Leonard (1952) reported 23 species of
mollusks from the Turkey Creek site. Table 1 compares
the Chapman and Abilene molluscan faunas to those
from the Turkey Creek site. The faunal list has been
amended with respect to synomyny changes given by
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Taylor (1960), Hibbard and Taylor (1960), and Miller
(1966). The changes are summarized as follows:

Carychium perexiguum Baker=C. exiguum (Say)

Gyraulus labiatus Leonard=G. parvus (Say)

Menetus pearletter Leonard= Promenetus exacuous kansasensis
(Baker)

Planorbula vulcanata Leonard=P. armigera (Say)

TABLE 1.—Comparison of molluscan faunas from Turkey Creek,
Chapman, and Abilene sites, Dickinson County, Kans.

[X, species present]

Chapman site Abilene site
Molluscan species from

Turkey Creek site 1

Bl | B2 | B4 | Al | A2 | A3 | A4

Carychium exiguum (Say) .-\ | | | oo oo
Euconulus fulvus (Muller) .- _|___ | |- oo |ococ]ooooooan
Gastrocopta armifera (Say)--| X |- | X | X jooo-
contracta (Say) ... _______ [EUSRUN FEURIUN PURUUN UUUPRUN NEPUUIN [ERUUN
tappaniana
C. B. Adams).
Gyraulus parvus (Say).. .- X
Hawatia minuscula
(Binney).
Helicodiscus parallelus

ceee| X X | X

S N G PR (R SN B G DS
ay).
Helisoma trivolvis (Say)._____ SRR PURU PRUUON PRUS IR PR P
Lymnaea palustris (Miiller) _|___|____|-___| X
Ozyloma navarrer
Leonard.
Physa 8P - - - oo SR IRPRUR DU PP JSPUPN RS P
Planorbula armigera (Say) . |- | _|oco_|ocec|ocac|ooao|-oca
Promatiopsts cincinnatiensts
(Lea).
Promenetus exacuous X | X
kansasensis (Baker).
umbilicatellus (Cockerell)__|____|___ |- __ |-\ |oo__j-_._
Vallonia gracilicosta XX oo X e X
(Reinhardt).
pulchella (Muller)._______ e X
Valvata lewisi (Currier)._ ___. JUUSUUN IRURN PEPRUU DU PP PPN S
Vertigo milium (Gould) __ __. [N PR SEURURS PSS PR [ R
ovata (Say) ..o ____ SRR U PSR PR PP PRI P
tridentata (Wolf) _._______ SRS ISVRN DUV PRORUO FEPUR P FE
Z onitotdes arboreus (8ay) - |- | oo oo oo |emo|aoooaooo

1 Frye and Leonard (1952).

The three molluscan sites in Dickinson County have
been compared with respect to species contained in
common and are summarized in tables 1 and 4. The
Chapman site has 6 species out of a total of 13 con-
specific with those of the Turkey Creek site, whereas
the Abilene site has 7 species out of 19 conspecific with
those of the Turkey Creek site. The Chapman site has
10 species conspecific with those of the Abilene site.
These data from tables 1 and 4 can be used to determine
the taxonomic similarity, T, by the equation

1000
T="7

where C is the number of species common to two faunas,
and N is the number of species in the smaller fauna.
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The indices of faunal similarity (table 2) reveal that
the Abilene and Chapman sites are markedly similar to
each other. When the indices are compared, the Chap-
man site is more similar to the Turkey Creek site than
is the Abilene site.

TaBLe 2.—Taxonomic similarity indices, T, of molluscan faunas
from sites in Dickinson County, Kans.

Turkey Chapman Abilene

Creek
Turkey Creek (N=23)___._________________ 46 37
Chapman (N=13)._.._____________ 46 ________ 77
Abilene (N=19) . .. ______ 37 77 .

On the basis of the contained molluscan fauna alone
(the Pearlette Ash is not present at the Chapman site),
the Chapman site has more affinity with the Abilene site
and less affinity with the Turkey Creek site and is judged
to be of Kansan age.

Ostracode fauna

Ostracodes are found in deposits of Pleistocene age
throughout much of the High Plains and have been
used to date some of these deposits (Gutentag and
Benson, 1962; Gutentag, 1963). Benson (1967) de-
scribed the ostracodes from 1 foot above and 1 foot
below the Pearlette Ash at SW14SW1,SW1, sec. 26,
T. 14 S., R. 2 E., at approximately the same place as
Leonard’s Turkey Creek molluscan site.

Benson (1967) reported four species of ostracodes
from below the ash and seven species from above the
ash. Table 3 compares the Chapman and Abilene
ostracode faunas to those from the two zones at
Turkey Creek. Additional ostracodes not found at
Turkey Creek are shown in table 4.

TaBLE 3.—Comparison of osiracode faunas from Turkey Creek,
Chapman, and Abilene sites, Dickinson County, Kans.

[Exeept for totals, the presence of species is shown by X or expressed in percent]

Turkey Creek | Chapman Abilene
Below | Above| Bl | B2 | Al | A2
asht! | ash
Candona simpsont Sharpe______| 65 |_____ X | XX |----
renoensis Gutentag and

Benson. |_____ 4 || X |eaa-
Ilyocypris gibba (Ramdohr).___|.____ 1o ... | X
Physocypria pustulosa (Sharpe)_| 25 F2 25 [N [N RN
Cypricercus tuberculatus

(Sharpe). X 15 (ool C
Cypridopsis vidua (O. F.

Miiller). X 43 || X oo
Cyprinotus sp.- . ________| ____ 34 || fe—-
Uncertain eyprid_____________j_____ DG PR IR IR

Total specimens_._.____ 20 | 829 4112 | 14 6

1 From Benson (1967, table 1, p. 236).
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Candona simpsoni is considered by Benson to char-
acterize the fauna below the ash. In the Abilene quarry
(fig. 2 and table 3) unit Al contained Candona simp-
soné stratigraphically below the Pearlette Ash of unit
A3. In the Chapman section (fig. 3 and table 3) where
ash is not present, units Bl and B2 contained Candona
simpsoni. Species considered by Benson as representa-
tive of the fauna commonly found above the ash are
not present at either site. On the basis of contained
ostracodes, the Chapman section is believed to be pre-
Pearlette Ash and Kansan in age.

HABITAT

Mollusks and ostracodes have been used as a basis
for inferring the prevailing climatic conditions at the
time the associated sediments were deposited. It is
generally assumed that climate is a primary factor in
the distribution of nonmarine species and that the
habitat preference of the species remains the same
throughout their span of existence. The habitat re-
quirements of the fauna summarized in table 4 are
taken from Miller (1966) for similar species in the
southern Great Plains. Ecologic data for living ostra-
codes are not as well known as for the mollusks. The
ostracodes may represent both the perennial- and
shallow-water habitats, but for convenience they have
been included with the perennial-water habitat. It
should be noted that both the ecologic requirements
of extant members of the same species and the litho-
logic data are used to reconstruct the past habitats.
If additional large-scale collecting such as practiced by
Hibbard (1949b) is made at these sites, the habitats
given in this paper could be subject to revision.

At the Abilene quarry, the sand and gravel unit Al
(fig. 2) indicates a combination of aquatic habitats—
a permanent aggrading stream, shallower water near
shore, and tributaries carrying in debris from nearby
terrestrial habitats. The clay of unit A2 indicates an
aquatic habitat of a lake or pond with a mud substrate
bordered by grass and woodland near shore. The
Pearlette Ash of unit A3 indicates a small pond with
moist area and the woodland habitats on the edge. The
ashy silt of unit A4 represents the terrestrial habitats
of a moist area under organic litter and the almost
dry habitat of truly terrestrial forms.

At the Chapman quarry, the fossil assemblage of the
sand-and-gravel unit B1 (fig. 3) represents two aquatic
habitats: a permanent moving aggrading stream and
shallower water near shore. The terrestrial elements
are from the near-shore woodland, grass, and damp-
ground habitats. The faunas from the silt of unit B2
indicate an aquatic habitat of shallow quiet water near
the shore of a small lake. The edge of the lake prob-
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TaBLE 4.—Habitat and occurrence of molluscan and osiracode faunas in Chapman and Abilene sites, Dickinson County, Kans.
[X, species present)]

Chapman site Abilene site
Habitat Species t
Bl | B2 | B4 | Al | A2 | A3 | A4

Woodland: moist area under leaf litter, Cionella lubrica (Miller) _____ ____ . ____________ D G PSS (U RPN B NS

down timber, or in tall marsh grass. Discus cronkhiter (Newecomb)__________________ o X e X ool X
Helicodiscus parallelus (Say)_ . . . _________ o] X )] X X
Nesovitrea electrina (Gould) . __________________ SRR U RN (G RN PR
Sheltered:
1.—In rocks, scrubs, grass, or in tim- Gastrocopta armifera (Say)_ .- ____________ X oo ]eoa | X X |l
bered areas.
2.—Species not restricted to a woodland Helicodiscus singleyanus (Pilsbry) . ___________ SR PR DS PN DR RS B¢
habitat; can tolerate drier condi- Hawaiia minuscula (Binney) - - ________________ o X e X | X |ia.d X
tions. Pupoides albilabris (Adams)_____ _______ . ______ e X
Vallonia gracilicosta Reinhardt.___._.__ .. ______| X | X |-._.] X |.o_|---] X
pulchella (Mitller) __ _______________________ SR RO B o] X

Marginal: wet mud, sticks, stones, or other Hendersonia occulta (Say) .. - __________ o] X e
debris along water’s edge; shallow pools -
and other protected spots.

Shallow quiet water: small ponds, streams, Gyraulus parvus (Say) .. - oo . Koo X X oo
sloughs, or marsh with no current; or Amnicola limosa Lea_ . _______________________ D G D G PR "G IS U P
areas of rooted vegetation with little Physa anattne Lea___ ________________________ (SR FEUSONU RO "G BN "G N
current; soft sand or mud bottoms; not Promenetus exacuous (Say) - ________ D G I G U I FEUUP, U B
subject to significant seasonal drying. Lymnaea palustris (Miller) _ . ______ SN RSN FEPRINS "G SR IR P

*Pisidium casertanum (Poli)____________________ bSO IR PR [P IRV IR B
*Sphaerium transversum (Say).._ - ___.__ e ee] X e e e

Perennial water: streams or lakes with slow Helisoma anceps (Menke) ______ .. _________.___ b ISR (NS [ G DR P S
to moderate current; areas of still water; Valvata tricarinata (Say) .- - ___________ b IS DS RSN IO JSR
shallow spots with soft sand or mud sub-  *Pisidium compressum Prime__________________ Xoloaoo] X X oo ]aaaa
strate; not affected by seasonal drying. *Spaerium striatinum (Lamarck) _______________ JER IR PSRN G PR B

**Candona acute Hoff __________________________ JEIU B PSR PRPURUS IS FIP SN
**  of C.lactea Baird._._______________________ oo X X oo
**  npyensis Gutentag and Benson__-____________ SR FEU (RPN N G VS DU P
**  renoensis Gutentag and Benson. . ___________ SRR DRI PRUUPIOE I QR PR PR P
**  sempsons Sharpe_ - _______________ X | X feeoo] X feaoa]eoao]aaae
**  gruncata Furtos. ... ___________ SNURU SUURIUNE R (GO SRR SR
**Cypricercus of. C. reticulatus (Zaddach)_________ e e X e
**  pidua (0. F. Miiller) . o ___ SN I G ISR FRUUU UUR PR
**Jlyocypris gibba (Ramdobr) . ______________ RS FEUUIU (SRR FOININ " QR RSP I
**Limnocythere reticulata (Sharpe) . .. _________ RS PRV PRUUUI BN G PRPUN PRI RS

N 11]9,2 20{6 4| 6

1 All are gastropods except as indicated otherwise: single asterisk (*), pelecypod; double asterisk (**), ostracode.

ably contained grass and brush. The indurated clay of
unit B4 represents a small lake deposit with vegetation
containing a sparse molluscan fauna.

CONCLUSIONS

At the Abilene quarry, faunal evidence and the pres-
ence of the Pearlette Ash Member of the Sappa Forma-
tion clearly indicate a Kansan age for the Pleistocene
deposits. The Abilene quarry shows a succession from
aquatic to terrestrial habitats as follows:

1. A perennial aggrading stream, shallower water
near shore, and small tributaries carrying debris
from nearby terrestrial sites of unit A1 (fig. 2).

2. A lake or pond with a mud substrate bordered by
grass and woodland on the shore of unit A2.

3. A small pond with moist areas and woodland on
the edges that was abruptly filled by the Pearlette
Ash of unit A3.

4. A moist to almost dry terrestrial habitat as shown
by the probable windblown ashy silt of unit A4.

At the Chapman quarry the Kansan age of the
Pleistocene deposits is established by the contained
fauna. The ostracodes indicate a pre-Pearlette Ash
age for units B1 and B2 (fig. 3). The aquatic habitats
at the Chapman site indicate a change from a perma-
nent perennial stream with shallow water near shore of
unit B1 to a small lake of unit B2. After the deposition
of an unfossiliferous clayey silt, which may indicate
windblown deposits and possible soil development of
unit B3, a small lake developed with a mud substrate
shown by unit B4.
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CYTHEREIS EAGLEFORDENSIS ALEXANDER, 1929—A GUIDE FOSSIL FOR
DEPOSITS OF LATEST CENOMANIAN AGE IN THE WESTERN INTERIOR
AND GULF COAST REGIONS OF THE UNITED STATES

By JOSEPH E. HAZEL, Washington, D.C.

Abstract.—The ostracode Cythereis eaglefordensis Alexander,
1929, has been found in the middle part of the Britton Forma-
tion of Moreman (in W. S. Adkins, 1933) in Texas, the lower
part of the Tropic Shale in Utah, the upper part of the
Graneros Shale in New Mexico, the Greenhorn Limestone in
South Dakota, and in the lower part of the subsurface Atkin-
son Formation of the Georgia-Florida area. Its Texas and
Western Interior occurrences are consistent with the range
zones of the ammonites Sciponoceras gracile and Metoicoceras
whitei. The species appears, therefore, to be a wuseful bio-
stratigraphic indicator for deposits of middle Eagle Ford age
(latest Cenomanian). Its occurrence in the lower part of the
Atkinson Formation, where ammonites are absent, indicates
a middle Bagle Ford (middle Britton Formation) age for at
least part of the lower Atkinson (the “Barlow fauna”), rather
than a Woodbine age as has been previously suggested.

The distinctive ostracode species Cythereis eagle-
fordensis was described by Alexander (1929) from
three localities in the Britton Formation of Moreman
(#n Adkins, 1933) of the Eagle Ford Group of Murray
(1961) of north-central Texas (figs. 1 and 2). From
the data given in Alexander (1929), Moreman (1927,
1942), Adkins (1933), and Adkins and Lozo (1951),
Alexander’s localities are all in the middle part of the
Britton Formation in Moreman’s zone of Metoicoceras
whitei and his Kucalycoceras bentonianum subzone of
the Metoicoceras irwini zone. Moreman’s Metoicoceras
whitei zone seems to equate with the Romaniceras-
Metoicoceras whitei zone of Adkins (1983) and the
Metaptychoceras-Worthoceras zone of Adkins and Lozo
(1951). The Eucalycoceras bentonianum-Mantelliceras
n. sp. zone of Adkins and Lozo (1951) and the Fucaly-
coceras bentonianum-Borissiakoceras zone of Adkins
(1933).

The assemblage of ammonites and inocerami (par-
ticularly Sciponoceras gracile, Metoicoceras whitei, and
Inoceramus pictus (= I. fragilis of Moreman, 1942))

illustrated and (or) listed from the forementioned
zones by the authors cited suggests equivalency of
these zones with the well-known Sciponoceras gracile
zone of the Western Interior. Moreman (1942) con-
sidered the Britton to be lower Turonian. Adkins and
Lozo (1951) placed the Cenomanian-Turonian bound-
ary at the top of their Neocardioceras zone. On the
basis of the occurrences of Sciponoceras gracile given
by Adkins (1933) and Moreman (1942), the top of
the Neocardioceras zone of Adkins and Lozo would be
about in the middle of the local range zone of Scipono-
ceras gracile in the Britton Formation. Cobban and
Reeside (1952) placed the Seiponoceras gracile zone in
the Western Interior in the lower Turonian. On the
basis of planktonic foraminifers, Pessagno (1967)
placed the middle part of the Britton Formation at
the top of the Cenomanian in the Rotalipora cushmani-
R. greenhornensis zone. This interpretation is followed
herein.

Acknowledgments—I am grateful to E. G. Kauff-
man, of the Smithsonian Institution, and J. F. Mello
and K. N. Sachs, Jr., of the U.S. Geological Survey,
for critically reading the manuscript. D. L. Eicher, of
the University of Colorado, kindly provided the Green-
horn Limestone samples.

WESTERN INTERIOR OCCURRENCES

Specimens of Cythereis eaglefordensis were found
within the Sciponoceras gracile zone in the lower part
of the Tropic Shale (locality D of fig. 1) of the
Kaiparowits region of Utah. (See Swensen, 1962, for
a discussion of the macrofauna of the Tropic Shale.)
Cythereis eaglefordensis occurs in six samples from the
Greenhorn Limestone of the northern Black Hills near
Belle Fourche, S. Dak. (locality F of fig. 1; lithic units
3,4, and 5 of Fox, 1954, p. 100). Cobban (1951) reports
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Ficure 1.—Known geographic distribution of Cythereis eaglefordensis Alexander,

1929. Localities A, B, and C are localities 38, 39, and 40, respectively, of
Alexander (1929); they are in the middle part of the Britton Formation in
Denton, Ellis, and Dallas Counties, Tex. Locality D is in the lower part of
the Tropic Shale, center N%4SE!; sec. 11, T. 43 S., R. 2 E., Nipple Butte quad-
rangle, Kane County, Utah; shale in exposures near dirt road about one-
half mile-east of Glen Canyon City, 30 feet above the base of the Tropic
Shale (collected by Fred Peterson). Locality E is in the upper part of the
Graneros Shale in Rio Arriba County, N. Mex. (locality 20 of Dane, 1960a,
b). Locality F represents six samples collected from the Greenhorn Limestone
near Belle Fourche, S. Dak. (units 3, 4, and 5 of Fox, 1954, p. 100; collected
by D. L. Eicher). Localities @, H, and I are subsurface intervals in the lower
Atkinson Formation in Jackson County, Fla., Echols County, Ga., and
Suwannee County, Fla.; the locations of the wells and occurrences of Cytherets

eaglefordensis are given in Swain and Brown (1964, p. 6-8).

Metoicoceras whitei and Sciponoceras gracile from the
Greenhorn of the northern Black Hills.

These occurrences of C'ythereis eaglefordensis in the
Western Interior suggest that this microfossil is an
indicator for the Sciponoceras gracile zone and valu-
able for determining this interval in areas where am-
monites and inocerami are absent.

Elsewhere in the Western Interior, Oythereis eagle-
fordensis has been identified in a sample from the
upper part of the Graneros Shale of Rio Arriba
County, N. Mex. (locality £ of fig. 1, this report; and
locality 20 of Dane, 1960a, b), suggesting a Sciponoceras
gracile age for this part of the Graneros in this area.

FLORIDA AND GEORGIA OCCURRENCES

In addition to the Texas localities for Cythereis
eaglefordensis given by Alexander (1929), Swain and
Brown (1964) have found the species in the subsur-
face of northern Florida and southern Georgia (fig. 1).
The occurrences are in the lower part of the Atkinson
Formation in the so-called Barlow fauna (the new
biofacies of Applin, 1955). This part of the Atkinson
Formation has been considered to be of Woodbine

(middle Cenomanian) age by Applin (1955) and Ap-
plin and Applin (1967). However, the presence of
Cythereis eaglefordensis indicates that the Barlow
fauna part of the Atkinson correlates with the-middle
part of the Britton Formation of Texas and is late
Cenomanian (Sciponoceras gracile zone) in age. This
interpretation is corroborated by the presence of the
planktonic foraminifer Rotalipora cushmani in the
Barlow fauna (Applin, 1955, p. 196) which is a
worldwide upper Cenomanian marker (Pessagno,
1967).

SUMMARY

The occurrences of the trachyleberidid ostracode
Cythereis eaglefordensis with ammonites and inocerami
of the Sciponoceras gracile zone suggest that this
species is an indicator of that zone and that it is
useful in determining that biostratigraphic level in
areas where macrofossils are absent or not common.
The presence of Cythereis eaglefordensis in the upper
part of the Graneros Shale of Rio Arriba County, N.
Mex., suggests that the upper part of the Graneros
Shale (of Dane, 1960a, b) in New Mexico is younger
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Elkhorn Mountains and between most of the Lowland
Creek Voleanics and sedimentary rocks. The most
negative areas of the gravity field (Burfeind, 1967),
outlined by the contour in figure 2, coincide to some
extent with the train of aeromagnetic lows within the
batholith, especially with individual lows at Wickes,
northwest of Elk Park, and at Butte. No such correla-
tion is observed with regard to aeromagnetic lows
northwest of Butte and south-southeast of Deer Lodge.

CONCLUSIONS

The aeromagnetic and rock magnetic data suggest
that negative magnetic anomalies over the Boulder
batholith are associated with weakly magnetic rocks,
normally polarized, in contact with more highly mag-
netic rocks, also normally polarized. The amplitudes
and extents of magnetic lows at Wickes, northwest of
Elk Park, and at Butte suggest that considerable
volumes of plutonic rocks as well as smaller volumes of
volcanic rocks are less magnetic than their counter-
parts elsewhere. Gravity data indicate that rocks in
these areas are somewhat less dense than their counter-
parts elsewhere. It is Dbelieved that .the anomalous
magnetic features, and, to a lesser extent, the anomalous
gravity features, are attributable to concentrations of
felsic plutonic and volcanic rocks later intruded by
silica-rich veins within the batholithic complex. The
low magnetic intensities of these rocks are probably
due to (1) low concentrations of magnetic iron oxides
In primary magmatic and hydrothermal sources and (2)
hydrothermal alteration of magnetic iron oxides to
more highly oxidized and hydrated nonmagnetic iron
oxides.

Other aeromagnetic lows in the batholith area are
subject to various interpretations. Negative anomalies
near Basin and northwest of Butte represent centers
of major felsic and siliceous intrusions within the bath-
olith and the Lowland Creek Volcanics. The major
low east-southeast of Deer Lodge and the minor low
northwest of Basin seem to be the only negative fea-
tures that may be strongly influenced by reversed
magnetization. Remanent magnetization directions of
the Elkhorn Mountains Volcanics sampled in the
Emery mining district southeast of Deer Lodge are
nearly horizontal with a northeast declination, suggest-
ing that other rocks in the area may be magnetically
reversed. The negative anomaly southeast of Helena
represents the only conspicuous polarization low north-
northeast of the regional aeromagnetic high over the
Boulder batholith. Shallow magnetic depressions at
the northwest and southeast edges of the anomaly belt
are developed over relatively nonmagnetic sedimentary
rocks and deposits.

D165

The association of magnetic lows with highly min-
eralized areas in the batholith has economic signifi-
cance. In the Boulder batholith area as well as in
other areas of comparable geologic terrane, it is im-
portant to evaluate negative anomalies in relation to
their causes deduced from surface geology. Complete
analysis of anomaly sources requires detailed magnetic
measurements and geologic mapping supported by
petrographic and geochemical investigations. Those
anomalies which cannot be interpreted as polarization
lows or as lows over reversely magnetized rocks may
be associated with intrusions of felsic material, and
sites of potential economic value. Thus the aeromag-
netic map is a valuable aid in the search for ore de-

posits.
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HAWAIIAN SEISMIC EVENTS DURING 1968

By ROBERT Y. KOYANAGI, Hawaiian Voleano Observatory,

Hawaii National Park, Hawaii

Abstract.—In Hawaii, 699 earthquakes having a magnitude of
from 2.0 to 4.7 were recorded in 1968. Seismic activity con-
tinued beneath southeastern Hawaii during the year with
prolonged volcanic eruptions and associated structural adjust-
ments.

This is the seventh of a series of reports showing
earthquake locations and other data compiled by the
staff of the Hawaiian Volcano Observatory, U.S.
Geological Survey (Koyanagi, 1964; Koyanagi and
Endo, 1965; Koyanagi and Okamura, 1966; Koy-
anagi, 1968; Koyanagi 1969a, 1969b).

The locations of earthquakes having a magnitude of
2.0 and greater ' occurring beneath the five volcanos on
the island of Hawaii (fig. 1) and offshore along the
Hawaiian Ridge from lat 18° to 23° N. and long 154°
to 161° W. are shown in figures 2 and 3. The earthquakes
are plotted in three depth groups (<10, 10-20, and
20-60 km) (fig. 4) and two magnitude groups (2.0-3.5,
and >3.5).

The methods and limitations of locating earthquakes
are consistent with the earlier reports. Hawaiian
seismic-wave traveltime curves are applied to P-wave
arrivals, and S-P values read to 1/10-second accuracy.
Earthquakes beneath the island of Hawaii, having a
magnitude of 2.5 or greater, are generally located
within a 5-kilometer sphere of error; errors as great as
10 km may be expected from earthquakes located off-
shore considerable distances away from stations.

DESCRIPTION OF 1968 SEISMIC EVENTS

Seismic activity for the year was climaxed by three
eruptions of Kilauea Volcano, a long summit phase
(Kinoshita and others, 1969) followed by two shorter
flank phases. The long summit eruption at Halemau-
mau Crater started on November 5, 1967, and con-
tinued spasmodically until early July 1968. Periods

! A modification of the Richter scale is used for magnitude determfnation
(Koyanagi and others, 1966).
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F1cURE 1.—Map of the island of Hawaii, showing the five volcanos
and their prineipal structural features. Dot-and-dash lines are
boundaries of voleanic systems. Location of seismograph sta-
tions is indicated by closed triangles. Contour interval is 2,000
feet, and datum is mean sea level.

of lava fountaining with continuous tremor lasting
several hours to many days alternated with periods of
degassing activity and relative volcanic quiescence.
Tremor amplitudes generally diminished from one
period of fountaining activity to the next. Between
periods, during degassing at the lava lake, the seismic
records showed numerous shallow shocks of low mag-
nitude (about 0.1 or less). The end of the summit
eruption in early July was followed by a pause of 6
weeks, after which Kilauea erupted again on August
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magnitude of from 2.0 to 2.8. In late April, when only
weak tremor from the waning summit eruption was
being recorded, a 4.5-magnitude earthquake originated
30 km beneath the southern part of the summit of
Kilauea. This earthquake was felt islandwide at 04"09™,
April 28, and in the five following days about 200
aftershocks were recorded.? During the 2d quarter, 33
earthquakes having a magnitude of 2.0 or greater origi-
nated at this deep source, and 3 of these had a mag-

nitude greater than 3.5.
From early June, nearly a month prior to the end of

the summit eruption, earthquake activity along
Kilauea’s flanks started to increase. Southwest-flank
activity showed fluctuating highs in June, July, No-
vember, and December. However, the greatest increase
was noted beneath the southeast flank. From June until
the August east-rift eruption, southeast-flank earth-
quakes often numbered more than 50 per day. After
the August eruption, the count dropped to about 30
per day, but it increased somewhat a few days prior
to the final voleanic outbreak in October. During the
October eruption, several hundred earthquakes out-
lined the eruptive area; 48 shallow earthquakes had
magnitudes of from 2.0 to 2.7, but owing to difficulty in
plotting, these were omitted from figure 2, 4th quarter.

Although the voleano remained quiet for the rest of
the year, the frequency of southeast Kilauea earth-
quakes increased to new high levels in mid-December.
At 1633, December 16, the largest earthquake of the
year, with a magnitude of 4.7, occurred near the eastern
end of the Hilina fault system. More than 150 after-
shocks associated with this event occurred during the
initial 14 hours of activity.

On December 19, an earthquake having a magnitude
of 8.5 occurred about 10 km farther east and was fol-
lowed by about 50 aftershocks within a few hours.

SUMMARY

In 1968, most of the earthquakes occurred beneath
the southeast part of the Hawaiian Ridge. More than
three-fourths of the earthquakes with a magnitude be-
tween 2.0 and 4.7 occurred near the two active vol-
canoes, Kilauea and Mauna Loa, and scattered epi-
centers extended off the west coast of the island of
Hawaii. The earthquakes were related to the five vol-
canoes of the island of Hawaii as follows: 57 percent

2 Times are given in hours and minutes, Hawaiian standard time.

359—403 0—69——12
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occurred beneath Kilauea, 27 percent beneath Mauna
Loa, 4 percent beneath Mauna Kea, 1 percent beneath
Kohala, and 1 percent occurred beneath Hualalai. The
remaining 10 percent of the earthquakes occurred off-
shore; most were concentrated off the southeast coast,
but some scattered earthquakes occurred off the west
coast. Focal depth of 66 percent of the earthquakes
was less than 10 km; 19 percent were 10 to 20 km deep,
and 15 percent were 20 to 60 km deep.

During the year, 80 earthquakes were felt by Hawaii
residents, and 5 of these, having magnitudes between
3.7 and 4.7, were felt islandwide. Of the 699 recorded
earthquakes having a magnitude of from 2.0 to 4.7,
97 percent had a magnitude of from 2.0 to 3.5, and 3
percent had a magnitude exceeding 3.5. The following
table shows the number of earthquakes according to
magnitude and focal depth:

Depth (km)
Magnitude

<10 10-20 20-60
2.0-2.5_ - 341 104 69
2.6-3.0_ - __. 83 16 19
3.1-8.5 .- 24 7 13
3.6-4.0_ ______ . 7 2 6
4.1-4.5_ e 5 1 1
4.7 e 0 1 0
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SIMULATED LUNAR CRATER FIELDS NEAR FLAGSTAFF, ARIZONA—

THEIR GEOLOGY, PREPARATION, AND USES

By N. G. BAILEY, G. W. COLTON, and IVO LUCCHITTA,

Flagstaff, Avriz.

Work done on behalf of the National Aeronautics and Space Administration

Abstract.—Two crater fields were constructed in Cinder Lake
near Flagstaff, Ariz., for experimental purposes connected with
manned investigations on the moon. They are 1 :1-scale replicas
of parts of preliminary Apollo landing site II-P-6-1 in Mare
Tranquillitatis. Realism was facilitated by the lack of vege-
tation in Cinder Lake, as well as by its fiatness and cover of
unconsolidated basaltic pyroclastic debris. Explosive charges of
various predetermined sizes were buried at different depths in
the ash and cinders, using Lunar Orbiter II photographs of
site II-P-6-1 as a guide. The 569 craters excavated by detona-
tion of the charges match, in size and distribution, the craters
visible in the Orbiter photographs. The cratered fields are being
used to test, and experiment with, tools and procedures for
geologic exploration on the moon.

The U.S. Geological Survey is developing the follow-
ing techniques for manned lunar exploration: (a) De-
fining objectives and setting up geologic traverse plans;
(b) defining procedures to be used during the trav-
erses; (c) setting up, testing, and perfecting an earth-
based scientific data facility for recording and assimi-
lating data obtained from the traverses, and for
advising astronauts on what geologic methods and
techniques to use.

Men will first land on one of the maria—large areas
of gently rolling terrain pockmarked by craters of
various sizes. The surface material of the maria con-
sists of unconsolidated or poorly consolidated debris
ranging in particle size from dust less than 1 millimeter
in diameter to blocks several meters in diameter (Natl.
Aeronautics and Space Adm., 1966, p. 32-33). Con-
solidated rock, possibly lava, may underlie the surfi-
cial debris layer at shallow depths. Tmpact-cratered
terrane of this kind is uncommon on earth, yet an
analog of mare terrane is invaluable as a test site for
activities mentioned above—hence, the decision to con-
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struct one or more crater-field test sites that would
duplicate as closely as possible parts of one of the
prime Apollo landing areas.

The area selected for the test sites is Cinder Lake,
10 miles northeast of Flagstaff, Ariz., and 8 miles south
of Sunset Crater National Monument (fig. 1). Cinder
Lake is a barren plain of loose cinders and ash. The
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Fiocure 1.—Cinder Lake area. Lower inset shows the location
of the simulated crater fields. Inner dashed line marks limit
of continuous pyroclastic deposits from Sunset Crater, and
outer dashed line the limit of discontinuous, dune deposits
from Sunset Crater (both from Colton, 1932).
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area meets the following requirements: (a) Proximity
to the U.S. Geological Survey Center of Astrogeology
(in Flagstaff) ; (b) accessibility; (c) similarity to
lunar maria because of subdued topography, uncon-
solidated surface cover of pyroclastic material, and
lack of vegetation; and (d) temperate and relatively
dry climate suitable for holding tests during most of
the year.

Two crater fields were constructed under National
Aeronautics and Space Administration (NASA) Con-
tract No. T-65253G. Both are replicas of areas within
the landing site designated by NASA as IT-P-6-1, in
Mare Tranquillitatis. A photogeologic map of this
landing site has been prepared by Grolier (1968) from
high-resolution Lunar Orbiter IT and V photographs.
The first crater field that was constructed measures 800
by 800 feet; the second one 1,200 by 1,200 feet. In addi-
tion, several test craters were excavated elsewhere in the
Cinder Lake area for additional geologic and engineer-
ing studies.

GEOLOGIC SETTING

As the name “Cinder Lake” suggests, the area re-
sembles a lake, but one filled with cinders and ash in-
stead of water. It is surrounded on three sides by
gently rolling hills and steep cinder cones, and on all
sides by a dense growth of western yellow pine (Pinus
ponderosa).

The pyroclastic material was provided by the violent
subaerial eruption of basaltic tephra at the site of
nearby Sunset Crater (fig. 1), in the year A.D. 1064 or
1065 (Smiley, 1958). Debris ranging in size from fine
ash to blocks was ejected so violently that, with the
aid of wind, it covered nearly 800 square miles of
north-central Arizona (Colton, 1932, fig. 7). Most of
the coarser material fell to the ground near the erup-
tion site. The finer material—more susceptible to trans-
port by wind—was carried greater distances from the
orifice. At the orifice the debris accumulated to form a
nearly perfect truncated cinder cone about 1,000 feet
high—Sunset Crater.

In the 900 years since the eruption, little pyroclastic
debris has been eroded from Sunset Crater. However,
much erosion has occurred in the peripheral part of
the ejecta blanket, where the material is finer grained.
Colton (1932, fig. 1) distinguished between an inner
area of continuous lapilli or cinder cover and an outer,
larger area of discontinuous cinders arranged as dunes.
Much of the material in the outer area has been re-
moved or redistributed by wind and water.

Cinder Lake lies in the southwestern part of the area
of continuous cinder cover (fig. 1). The Cinder Lake
tephra are nearly uneroded owing to the level terrain
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and protected position of the area. Consequently, the
original depositional layering is well preserved.

Construction of the simulated crater fields entailed
digging more than 500 holes. Figure 2 shows a strati-
graphic section typical of the nearly 500 that were
examined in the holes. The three main divisions are
the Sunset Crater eruptive sequence (most recent), a
succession of weathered eruptive sequences (older),
and a lava flow with its attendant squeezeups and flow
ridges (oldest).

The Sunset Crater eruptive sequence ranged in thick-
ness from 14 inches in holes dug in crater field I to 65
inches in holes in crater field II. The sequence is well
stratified; as many as 17 distinct layers can be recog-
nized by differences in color, particle size, degree of
sorting, and coherency. Discrete layers increase in num-
ber and thickness northward toward the source. The
upper half of the Sunset Crater sequence comprises
at least 20 layers where exposed in an excavation two-
thirds of a mile south of the base of Sunset Crater. By
extrapolation, the total thickness of the sequence is
estimated to be above 36 feet at this site. Within the
Sunset Crater sequence, the thin bed of black ash near
the middle serves as an excellent key bed for detailed
correlation. This ash and a lithologically similar ash
bed at the base of the sequence have been traced be-
tween the two fields and for several miles to the north
and east. Another persistent unit is the 114- to 214-inch
layer of resistant dark-brown material about 4 inches
below the ground surface. It is present throughout
the southern half of the area of continuous cinder
cover. This layer is composed largely of coarse cinders
but includes much volcanic ash and secondarily derived
dust, all bound together in a matrix of humus further
strengthened by plant rootlets. Nine hundred years of
soil formation are represented by this thin humus-rich
layer. This compact, relatively coherent layer prob-
ably increases the bearing strength of the surficial ma-
tertal in Cinder Lake. In its absence, wheeled travel
might be much more difficult.

The materials immediately below the Sunset Crater
sequence are also unconsolidated but are more com-
pacted. They consist largely of layers of slightly
weathered basaltic pyroclastic debris from older erup-
tions alternating with layers of this material in a
highly altered state. These materials are logically
grouped in genetically related pairs—a homogeneous
cindery clay unit above and a unit of iron-stained
bedded cinders below containing some ash. The total
thickness of each pair represents the bulk of the pyro-
clastic material that accumulated during an eruption
of some nearby vent. The clay-rich unit of each pair
represents a prolonged period of in-situ weathering and
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PRE-SUNSET CRATER ERUPTIVE SEQUENCES AND SOILS

OLDER LAVA FLOW

Cinders, yellowish-tan to gray, medium to coarse, poorly sorted, noncoherent.
Cinders, ash, dust, and humus, dark brown, coherent.

Cinders, gray, medium to coarse, poorly sorted; two lenses of specular gray ash.

Ash, black, lustrous; some interlaminated fine cinders; moderately resistant owing to high moisture content.

Cinders, gray, medium to very coarse; indistinctly bedded.

Cinders, reddish-brown, fine to very fine, well-sorted; noncoherent owing to high degree of particle rounding;
conspicuously layered.

Ash, black, lustrous, noncoherent.

Clay, light tan, cindery (especially in lower part); very compact; high moisture content. Included cinders rounded
by in situ weathermg Sparse large reddish-brown abraded and polished cinders on upper surface. Basal
contact abruptly and steeply draped into underlying unit.

Cinders, gray (unoxidized) and yellowish-tan to brown (oxidized), fine to very coarse, poorly sorted; distinctly
layered; more coherent than younger cinders above. Several thin beds of lustrous gray ash in lower part.

Clay; like next clay unit above, but slightly less cindery.

Cinders; Iike next cinder unit above; thin bed of lustrous gray ash at base.

Clay; like clay units above.

Cinders; like cirider unit above. Unit commonly absent, apparently owing to its total replacement by dverlying
clay unit.

Clay; like clay units above except that included _cinders are smaller, imparting a sandy texture to the clay.
A thin lens of caliche commonly present near top, particularly where overlying cinder unit is absent.

Cinders; like cinder units above, except that color is yellowish gray; weathered fragments of basalt scoria and
scoriaceous basalt common at base.

Clay; like next clay unit above.

Cinders, as above except that numerous lenses of poorly sorted cindery ash and caliche are present.

Basalt, dark gray, in part vesicular; sparse small phenocrysts of olivine. Surface locally polished by abrasive
action of wind; locally deeply weathered and highly oxidized. Numerous weathered fragments of scoria
and scoriaceous basalt resting on or close to upper surface,

Freure 2.—Composite columnar section for Cinder Lake, near Flagstaff, Ariz.
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soil development between eruptions. No bedding char-
acteristic of deposition by alluvial processes has been
observed. The contact at the top of each clay or
paleosol unit therefore represents an ancient ground
surface that formed between eruptions and was later
buried by falling ash and cinders. Scattered potsherds
and a few flint artifacts found in place at the top of
sequence 2 (fig. 2) in a borrow pit at the north end of
Cinder Lake are convincing proof of the existence of
a former ground surface at this stratigraphic position.
Counting the present surface and the incipient soil
shortly below it, six such pairs are present in the deep-
est excavations in Cinder Lake. In addition, there may
be others at greater depths.

All the Cinder Lake area is underlain at various
depths by one or more flows of vesicular basaltic lava
containing very small phenocrysts of olivine. Recon-
naissance seismic surveys by H. D. Ackermann, of the
U.S. Geological Survey (written commun., 1967, 1968),
indicate that the average depth to lava in the crater
fields is between 30 and 40 feet. The top of the lava,
which normally is covered by irregular fragments of
highly oxidized scoria or highly vesicular basalt, was
reached in 11 holes in the two crater fields. It also
crops out on many small knobs in Cinder Lake and
along many of the hills that surround the “lake.” In
the aforementioned 11 holes, depths to the top of the
lava ranged from 6 feet to about 17 feet. Consequently
those holes that reached the lava flow—none of which
exceeded 17 feet in depth—may be located on the
crests and flanks of local tumuli, pressure ridges, or
other prominences of unknown origin on the lava sur-
face.

The contrast between the irregular topography of
the top of the buried lava and the very gently undulat-
ing ground surface of Cinder Lake is marked. The
difference in relief is due to the mantling effect of
successive accumulations of airborne debris aided by
the action of erosional and depositional processes which
were operative during periods of accumulation and
during intervals between eruptions. More material
accumulated in depressions than on high areas, and
relief became more subdued with time. The processes
that subdue relief operated so consistently that sub-
surface highs on the lava correlate with slight but
detectable thinning in the Sunset Crater sequence
at the top of the stratigraphic column. The following
generalization can be made on the basis of stratigraphic
control afforded by many measured sections. If ap-
preciable differences in thickness are measured in three
or more holes spaced 8 feet or more apart and arranged
in any pattern but a straight line, the top of the lava
rises toward the hole in which pyroclastics are thin-
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nest. This generalization holds true even where there
is no visible surface expression of an underlying “high”
on the lava.

CONSTRUCTION OF THE CINDER LAKE CRATER FIELDS

Orbiter photographs of several potential Apollo
landing sites were studied to select lunar areas to be
duplicated at a 1:1 scale, and two areas in landing site
II-P-6-1 were chosen because of their surface smooth-
ness and low density of craters greater than 6 feet in
diameter. The position and size of the craters in each
of the areas were determined from high-resolution
Orbiter IT photographs. The positions of the crater
centers were then laid out on the crater-field sites by
means of a planetable and alidade survey.

Crater field I, originally 500 by 500 feet in size, was
constructed in July 1967 and later enlarged to 800 by
800 feet. It contains 143 craters that range from 5
to 58 feet in diameter.

The first group of shot holes (a total of 47) were dug
by hand in 5 days; holes for the final 96 craters were
dug with a backhoe in just 214 days. All holes were
loaded, covered, and detonated individually.

The charge size and depth of burial required to pro-
duce craters of a given diameter were determined
earlier by experimentation near the crater-field site.
These experiments indicated that depth of burial of
the charge is the critical factor in determining crater
size, given a charge large enough to throw the ma-
terial out of the crater. Table 1 shows the depth and
size of charge for all craters in crater field I.

Nitro-Carbo-Nitrate, a mixture of ammonium nitrate
fertilizer and fuel oil, was used as a blasting agent for
all except the 5-foot (planned diameter) craters. The
mixture was primed by a 60-percent high-velocity gela-
tin dynamite, which in turn was detonated by electric
blasting caps. The eight smallest craters were blasted
by dynamite alone.

TaBLe 1.—Depth and size of charges for creation of craiers at
crater field 1

Charge Nitro- Actual
Planned crater depth  Dynamite Carbo- Number crater
diameter (feet) (feet) (pounds) Nitrate of craters diameter!

(pounds) (feet)
s 1.1 2.0 o __ 8 9.6
8 1.6 .5 7 8 13.7
10 . 2.0 .5 8 32 14. 8
15 . 3.2 1.0 30 32 19. 4
20 L. 4.2 1.5 65 16 19. 8
25 . 5.3 1.5 130 22 22. 6
30 _ . 6. 2 1.5 185 15 25. 4
35 . 7.1 2.0 315 5 33. 1
40_ o ___ 8.0 22. 0 480 3 43. 3
50 _ . ____ 10. 0 44. 0 950 1 47. 0
60 __ . _____ 12.0 45.0 1,580 1 57. 5

1 Rim crest to rim crest; measured in the field.
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Crater field IT was constructed in July 1968 and
consists of 426 craters ranging in diameter from 6 to
72 feet. The shallow shot holes were dug by hand and
the deeper ones with a backhoe. Digging the holes,
burying the charges, and smoothing the surface took
10 days. Mr. Franklin H. Persse, an explosives engi-
neer, U.S. Bureau of Mines, served as a consultant in
determining the size and depth of burial of the charges,
listed in table 2.

TABLE 2.—Depth and size of charges for creation of craters at

crater field I'T
Planned Charge Nitro- Number Number Actual
crater depth  Dynamite Carbo- of of crater
diameter (feet) (pounds) Nitrate primers craters  diameter!
(feet) (pounds) (feet)
1.6 0.5 .. 63 6. 6
.1 L5 . 93 9.1
1.8 40 ._______________ 68 12. 4
2. 25 1 61 19. 5
3. 25 1 37 21. 3
4. 50 1 35 24. 6
5. 100 1 28 29. 2
5. 150 1 9 35. 2
6. 200 1 8 33.1
7. 275 1 5 36. 8
8. 350 1 5 39. 8
89 ________ 475 2 5 39. 6
10.7 . ___ 750 2 3 46. 7
1.5 - __ 850 2 1 50. 0
1201 o __ 1, 200 2 1 52.0
13.6 ________ 1, 750 3 1 62. 0
15.6 ________ 1, 900 3 1 62. 0
16.4 ________ 2, 350 3 1 66. 0
17.0 .. 2, 900 3 1 72. 0

1 Rim crest to rim crest; measured on aerial photograph taken 6 days after craters
were blasted.

M. J. Grolier, of the Geological Survey, made a de-
tailed study of Lunar Orbiter II photographs of the
landing site and found that there were three relative
age groups of craters. To simulate these age differ-
ences in crater field I, the charges were detonated
successively in three groups. A total of 354 charges
in sites corresponding in position to the oldest lunar
craters were detonated first; 61 corresponding to lunar
craters of intermediate age were detonated next.
Finally, the 11 charges corresponding to the youngest
craters were detonated.

In the deeper holes the Nitro-Carbo-Nitrate was
primed with 34—pound charges of cast Pentolite, which
were detonated by Primacord. The shallower holes
were loaded with dynamite alone and also detonated
with Primacord.

The planned diameters and the actual diameters of
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the craters of the two fields are compared in figure 3.
Comparison of Orbiter IT high-resolution photographs
of the two lunar areas with aerial photographs of the
two Cinder Lake crater fields (fig. 4) shows how suc-
cessfully the simulation was achieved. The data ob-
tained should enable increased accuracy in any future
crater fields constructed in similar materials.

The northwest quarter of crater field IT was later
“salted” by adding foreign rock fragments to the rims
and ejecta blankets of some craters, creating rays, and
emplacing scattered rock fragments. The fragments
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Ficure 3.—Comparison of
to depth of burial of charge.

crater diameter relate

were distributed so as to reflect a definite sequence of
geologic events acting upon a specific geologic terrane,
thus providing various geologic problems similar to
those expected on the moon.

UTILIZATION OF THE CRATER-FIELD TEST SITES

The crater-field test sites and associated experimental
craters have already been put to diverse uses with con-
siderable success (fig. 5). These uses, as well as addi-
tional ones that are planned, are shown in tables 3
and 4.
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THE USE OF SPECTRAL ANALYSIS IN DESCRIBING

LUNAR SURFACE ROUGHNESS

By WESLEY J. ROZEMA, Flagstaff, Avriz.

Work done in cooperation with the National Acronautics and Space Administration

Abstract.—The power spectral density (PSD) function has
been investigated in recent years as a means of statistically
describing land-surface roughness. Knowledge of the PSD
functions of lunar topographic profiles is useful for analyzing
the manner in which experimental lunar roving vehicles will
respond to lunar terrain. In addition, the function enables
comparison of the relative “roughness” of different types of
terrain. Certain statisical problems are inherent in the deter-
mination of the PSD function, resulting in a variety of methods
of estimating the function. Specific methods of determining the
function were selected and applied consistently to several
terrestrial and lunar topographic profiles. Superposition of
the graphs of these functions provides an intuitive comparison
of the “roughness” of terrestrial and lunar terrains.

The determination of a statistical description of the
roughness of the lunar surface is vital for the design
of lunar roving vehicles. Under the sponsorship of the
National Aeronautics and Space Administration
(NASA), Mason, McCombs, and Cramblit (1964) and
Olivier and Valentine (1965) proposed the ELMS and
ELMO, respectively, as statistical models of the lunar
surface. Schloss (1965) suggested the use of curvature
as a surface roughness characteristic.

Efforts toward generating a statistical description
of the roughness of the lunar surface were begun for
the U.S. Geological Survey by McCauley (1964). Using
data derived photometrically from Earth-based photo-
graphs, Rowan and McCauley (1966) found the mean
and standard deviation of slopes to be useful statistical
parameters for the quantitative description of lunar
surface roughness at Earth-based resolutions. However,
in the design of a lunar roving vehicle, neither the
aforementioned parameters nor data from the maxi-
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mum-resolution Earth-based Iunar photographs are
completely adequate.

At present, lunar surface features as small as 0.6
meter can be resolved through photoclinometric reduc-
tion of Lunar Orbiter IT and I1T photography. This
degree of resolution is sufficient for lunar trafficability
analysis. Furthermore, the power spectral density
(PSD) function of a topographic profile has been
found to be an especially useful statistic in the
analysis of vehicular response to terrain. Spectral, or
time series, analysis enables examination of the fre-
quency content of the topographic profile. Although
spectral analysis originated in communication engi-
neering, in recent years it has been applied to other
fields, including analysis of terrain roughness. Sug-
gested by Bekker (1960) as one quantitative specifica-
tin of terrain roughness, it has been applied to off-road
hard ground by Kozin, Cote, and Bogdanoff (1963),
and to the lunar surface, as photographed by Rangers
VII and VIII, by Jaeger and Schuring (1966) and
Van Deusen (1966).

Techniques for the derivation of the PSD function
have been investigated as part of the Geological Sur-
vey's lunar trafficability project, sponsored by NASA
(Purchase Order W-12,338, Amend. 2). The particular
problems of analyzing a topographic profile by this
method have been studied, and PSD functions for
several terrestrial and lunar topographic profiles have
been determined. This report summarizes the results.
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POWER SPECTRAL DENSITY FUNCTION

Definition

Profiles of lunar and analogous terrestrial topography
cannot be described by a specific functional relation-
ship; thus, for the purpose of mathematical analysis,
they are random profiles. The frequency content of
such profiles is determined by spectral analysis. Nearby
points on these profiles can reasonably be assumed to
exhibit some degree of correlation, which, expressed as
a function of the distance between them, can be stated
mathematically as

Ro)=y; J; " W(@) h(a-+o)dz, [5|<N,

where A(x) and h(z+v) represent ‘“neighboring” eleva-
tions at a distance » apart, and NV is the total number
of elevation points considered. R(v) is called the auto-
correlation function.

The value of R(v) for specific values of » may con-
tain information regarding the frequency content of a
specific profile. For example, consider the unlikely (and
nonrandom) surface profile of figure 14. For distance
v=>b, R(»)=0 for all values of z, but for »=2b,
R(v)=4E? since for half of the values of =z, A(x)-h
(z+2b)=0, and for the remaining values of r, h(z)-h
(z+2b)=E?. The graph of the autocorrelation function
(fig. 1B) illustrates the presence of the frequency which
has periodicity 26 in the surface profile.

From this very simple, nonrandom example, it is
possible to extrapolate the concept of the power
spectrum. The power spectrum is a measurement, of the
amount of variation of the profile height contributed
by the various frequencies present. For the above

example, only one frequency, % contributes to the

variation of profile height, as can be seen from the
autocorrelation function graph (fig. 1B). Hence, the
graph of the power spectrum of this example would be
a single spike representing power, P(w), at the frequency

1

Determination of the power spectrum for a non-
periodic function demands a rather lengthy mathe-
matical development, but can be explained intuitively

as follows: Any periodic function can be described by
its Fourier series representation; thus, the autocorrela-
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Ficure 1.—Diagrams showing: A, arbitrary nonrandom
surface profile; B, autocorrelation funetion of surface; and
C, power spectrum of surface.

tion function of figure 1B can be represented by a

Fourier series of the form R(»)= > F(n) cos nor,
n=0

where g—:’r is the period of the function. If the function

is onperiodic, as is a random function, this concept
can be extended by considering the periodicity to be
infinite, and its representation becomes the Fourier
integral over all frequencies:

R@)=1 ﬁ " P(w) cos wrdo,

In electrical theory, power is proportional to the
square of either the voltage or the current. This term
can be applied to functions in general, and thus power
is described as the mean square value of any function.
If the function is periodic, the power contributed by
any discrete frequency can be described as the square
of the Fourier coefficient associated with the frequency.
When »=0 in the autocorrelation function, the function

N
becomes ]1T7f h?(z)dz, which is the mean square value,
0
or power, of h(z). Parseval’s theorem then shows that
the power spectrum is given by P(n)=|F(n)[%.
If a random profile is considered as one in which a
continuum of frequencies contributes to the variations
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of profile height, it becomes obvious that the power
contributed can be found only for bands of frequencies,
and not for discrete frequencies. Thus, it is necessary
to find the power spectral density (PSD)—the power
per unit bandwidth—rather than the power spectrum.
Since the autocorrelation function of a random profile
is expressed as a Fourier integral, the PSD can be
shown to be equivalent to its Fourier transform,

P(w)=2fw R(v) cos wodp. Thus, given the autocorre-
0

lation function; the PSD function can be determined,
and vice versa.

As a further illustration of the relationship of the
autocorrelation and PSD functions, consider a terrain
profile consisting of great amplitude differences in
closely spaced points. The autocorrelation function
for such a profile will show little correlation between
“neighboring” points, but the PSD function will show
great power in the high-frequency bands.

Assumptions

Two conditions must exist before a spectral analysis
can be made of any given random profile. First, the
profile must represent a stationary process, that is,
its statistical properties will be unaffected by a change
in the origin of the profile. This condition may be
assumed to hold when a sample profile is obtained
entirely within a single homogeneous terrain unit.
Second, the mean value of the profile height must be
zero; if it is not, it can easily be converted by normal-
izing the data.

Problems in spectral analysis

In the actual determination of the PSD function,
several rather difficult problems arise. Basically, these
are of two types: (1) instability in the spectral esti-
mates resulting from sampling limitations, and (2)
contamination of the ‘“true’’ power spectrum by long
trends in the profile.

Statistical estimation.—When a terrain profile is re-
corded, only a finite number of discrete data points
can be obtained over a finite length. Consequently, the
autocorrelation and PSD functions which are deter-
mined will of necessity be estimates of the ‘‘true”
functions, as, mathematically, both are integrals over
all frequencies or lags. This leads to the following
problems of statistical estimation:

1. Profile heights can be read only at discrete points,
resulting in loss of information. As illustrated in figure
2, if the sampling interval is Az, frequencies in the

profile greater than ﬁ cannot be detected. However,

the power found attributable to the frequency 2%5 is
actually compounded by all higher frequencies which

ASTROGEOLOGY

are indistinguishable from §Al—z and are multiples of it.

This aliasing problem can be corrected in signals pro-
duced by electronic devices by filtering out frequencies

higher than —Z_i_x prior to sampling the data. In terrain

profiles, however, aliasing can be avoided only by
choosing a sampling interval smaller than any physi-
cally expected profile frequency. This, obviously, is not
usually possible, particularly when considering lunar
terrain profile limitations.

Ficurg 2.—Profile showing aliasing problem.

2. Since the profile record is of finite length, values
for the autocorrelation function for large lags (the
distance » between points on the profile) must be
formed from very few observations. This produces a
great deal of instability in the statistical estimates of
the PSD function. To correct this, statisticians have
devised several lag windows (weight functions) to be
applied to the autocorrelation function, or similarly,
spectral windows (kernels) to be applied to the PSD
function. Generally, the lag windows apply decreasing
weights to increasing lags in order to decrease the
sampling error incurred by including the large lags
in the autocorrelation function. Unfortunately, al-
though these windows increase the stability of the esti-
mate of the PSD function, they also increase the band-
width of frequencies contributing to the power.
Conversely, decreasing the bandwidth of frequencies
also decreases the stability of the estimates. Many re-
liable windows have been proposed, as well as criteria
for testing them, and the merits of each have been
extensively debated.

Detrending—A. long-term trend affects the PSD
function of a profile in two ways: (1) it may result in
a nonstationary profile (a profile whose statistical prop-
erties are affected by a change in origin), and (2) since
the amplitude of the profile associated with the low
frequency of a long trend would likely be relatively
large, enough power would be contributed by the low
frequency to obscure that contributed by higher fre-
quencies. Since the effect of low frequencies is irrele-
vant to vehicle response, profiles can be detrended (that
is, long trends can be eliminated) in order to more
accurately describe the power in the range of frequen-
cies which are appropriate for vehicle response.
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a=the radius of the crater, and
b=the depth of the crater.

Surface energy of the crater is the product of the
surface area of the cavity and the surface tension of
water less the initial surface energy originally over the

crater (Engel, 1962). After this subtraction, the
surface energy of the crater (SE,) becomes
SE,=¢ (ﬂ%b sin™? e)’ (3)

where

o=the surface tension of water (72.4 dynes/cm?),
and
e=the eccentnmty of the elliptical profile of the

crater (1

Potential energy of the wave is determined by cal-

culating (1) the wave height from the continuity con-
2

dition, which states that the wave height equals _%ﬁ
at the crater edge, and (2) the shape of the wave, for
which wave helght equals zero when z equals infinity.
Continuity requires that the volume of the wave equal
the volume of the crater:

hx dx=volume of crater, 4)
where
h is the wave height as a function of 2 and may be
expressed by

(5)
The potential energy of the wave (PE,) becomes

P [ (4 2o

b4
T (6)

Surface energy of the cylindrical wave is the product
of surface tension and the sum of the new surfaces of
the inner and outer sides of the wave. The difference
in area of the outer surface and the original surface
beneath the wave gives the new surface for the outer
part (Aoy):

o,,,_z,rf [1+( )] dh— 27rf zds, (7)

which when combined with equation 5 gives

Ayy=2r f [(a4b4+w2>%—a: dz. ®)

or

PE,=
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Equation 8 requires graphical solution (Engel, 1962),
which when combined with the empirical relationship
from this study, b=1.09966¢, yields

A,,=0.65007,
and
SE,,=0.650 a’q,
where
SE,, is the surface energy of the outer surface of
the cylindrical wave.
The energy for the inside surface of the wave (SE,,),
which is the product of the wave height at z=a and
the circumference of the cavity, turns out to be
SE,;,= —1rb2 )

In order to estimate the kinetic energy of the cylin-
drical wave, the wave is divided into two parts, upper
and lower, because the parts move differently. The
mass of these parts is graphically determined by pro-
jecting the cylindrical wave onto graph paper, sum-
ming the products of each incremental area and its
distance from the crater axis, and assuming axial sym-
metry. The graphical estimates of the projected wave
profile show that about a quarter of the mass displaced
during cratering is in the upper part and three-
quarters of the mass is in the lower part. The upper
part moves mainly horizontally but with a small down-
ward component. The lower part moves horizontally.
Velocity of the cylindrical wave at the time of maxi-
mum size was determined using high-speed photo-
graphs covering an interval of time before and after
the crater reached maximum size. Squares of the
measured velocity of each of the two parts of the wave
are then multiplied by half of its corresponding mass
and summed to give the estimate of the kinetic energy
of the wave. Estimates of wave kinetic energy cannot
be made in the same experiment as those for surface
energy and potential energy because the meniscus
forms a visual barrier to measurement.

In a separate experiment, the kinetic energy and sur-
face energy of ejected droplets, which separate from
the cylindrical wave, are estimated by the combined use
of high-speed photography and unexposed photo-
graphic film. High-speed photographs are used to es-
timate ejection angles. Photographic film is used to
determine the number and size of droplets ejected to
various heights above the crater. The number of drop-
lets striking the unexposed film is determined for
various heights above the water surface, and their size
is determined by comparison of their spot size with
that of calibrated standards (see also Hobbs and Kez-
weeny, 1967). Kinetic energy of the ejected drops is
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TaABLE 1.—Ezperimental data

Cylindrical wave
Drop velocity Drop mass Drop energy Reynolds Crater width Crater depth Crater volume velocity
(cm/sec) (X10-3g) (ergs) nunig;r cm) (cm) (cm3) (cm)
ey Upper Lower

12.7 171 4.5 0. 80 0. 55
141 193 4.68 . ____ . 63
10. 5 187 4. 86 .90 . 85

6 4 122 4. 23 . 83 .45
141 464 7.44 1. 15 . 65
11. 6 519 8.23 1. 35 .70
14.1 850 10. 29 1. 40 .75
14.1 971 11. 01 1. 38 . 80
14.1 1, 061 11.52 __________ .91
11. 2 1,071 12,12 _________ 1. 02
14.1 1,374 13.13 1. 60 . 80
14.1 1, 436 13. 44 1. 65 . 86
141 2, 200 16.68 __________ 1. 09
14. 1 2, 280 16. 98 00 1. 04
141 2, 280 16.98 . ___.____ 1. 04

then estimated by using ballistic trajectories for ejec- RESULTS

tion angles of 45° in combination with the known ejec-
tion heights. Surface energy is calculated from the
measured drop size.

Consideration of the possible energy loss due to tur-
bulence suggests that such loss is minor. The Reynolds
number, determined from drop diameter, impact veloc-
ity, and kinematic viscosity of water, ranges from 4 X
10® to 17 X 102 This is near the region of turbulent
flow (Vennard, 1966). Some evidence for turbulence
is observed in the cylindrical wave at higher impact
velocity. This additional energy is found to be im-
measurable and is not included in the energy summa-
tions of this paper. However, the results of this study
suggest that such loss is small.

The experimental data (table 1), combined with the
data of Engel (1961, 1962), show a strong dependence
between cratering efficiency (the ratio of kinetic energy
of the drop and crater volume at maximum size) and
the velocity of the drop (see fig. 3). Such a relation-
ship between cratering efficiency and drop velocity
implies a strong interdependence between energy ex-
penditure, crater size, and drop velocity.

The equations of the previous section are used to
partition the energy of the experimentally produced
craters. A summary of the results of this analysis is
given in table 2. These data show: (1) a strong de-
pendence on potential-energy expenditure for the for-
mation of the crater and the crater size (eq 2), and
that the dependence becomes relatively more significant
for the largest craters and highest drop velocities; (2)

. [ ° that the surface energy of the crater is dependent on
% ® o crater size, (eq 3) but that this surface energy is only
e r o significant for the smallest craters; (3) that the po-
= § o ° tential energy of the cylindrical wave is strongly de-
&8 3 o ° . pendent on crater size, but the energy expended is only
z é 0000 about one-ninth of the potential energy of the crater;
5o 2[ o (4) that surface energy expended in the cylindrical
% é S wave is roughly equal to that in the crater for all crater
o z 1 o #0% 0 ° sizes studied; (5) that the kinetic energy of the cylin-
g N drical wave is relatively small for drops with the
< 0 I lowest velocities, but that this energy may be nearly

0 500 1000 1500 1800  equal to or may exceed the potential energy of the

VELOCITY, IN CENTIMETERS PER SECOND

Fioure 3.—Ratio of kinetic energy of falling drop at impact
and volume of crater at maximum size plotted against
velocity. Solid circles, data from this paper; open circles,
data from Engel (1961, 1962).

cavity for the highest drop velocities; and (6) that
less than a few percent of the original kinetic energy
of the drop is lost in the ejected droplets as surface
energy and kinetic energy.
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TaBLE 2—Energy partitioning, in percent

Crater Crater Cylindrical Cylindrical Cylindriecal Energy Estimated
Drop velocity (cm/sec) potential surface wave surface wave potential wave kinetic accounted for total energy
energy energy energy energy energy
155 e 22 32 30 2 o 86 98
150 e e 12 . 98
180 . e 25 32 29 2 S, 89 103
184 e 22 36 32 ;R 93 107
248 e 23 19 17 . S 62 82
204 e 33 21 18 4 o 76 102
B4 e 25 14 12 S 54 84
367 - e 23 13 12 R, 51 83
B84 L e 35 - 95
A8 e m 45 91
438 e 23 11 9 S 46 91
A48 e 27 11 10 3 e 51 95
B0 - - e e 23 o 83
566 - e 37 11 4 - 61 89
B0 - L e 28 - 89
x
x x
100 -
90
o
&
g 8o
&
S
S 70
>

60 -

ol

SURFACE ENERGY + POTENTIAL ENERGY
KINETIC ENERGY OF DROP
&
T

10—

|
1000 1800

VELOCITY, IN CENTIMETERS PER SECOND

Ficure 4.—Plot showing the percentage of drop energy which transforms to surface energy and potential
energy while the crater is at maximum size. Circles represent potential energy and surface energy of the
crater and the cylindrical wave for a given test; triangles represent surface energy and potential energy
of the crater alone; x’s represent estimated total energy accounted for in this study. Closed symbols rep-
resent data from this paper, and open symbols represent data from Engel (1961, 1962). Solid line approxi-
mates the trend of the circles, and broken line approximates the trend of the triangles.

Data from table 2, together with data from Engel
(1961, 1962), show that the sum of potential energy
and surface energy of the crater is strongly dependent
on velocity for drops between 155 and 1,800 cm/sec,
and a similar dependence is found when the potential
energy and surface energy of the cylindrical wave are
included in the sum (fig. 4). When the estimates of
kinetic energy of the cylindrical wave for this study

are included, the energy sum totals to 80 percent or
more of the initial-drop kinetic energy (see table 2).
Thus, the size of the craters is also strongly dependent
on the kinetic energy in the cylindrical wave.

CONCLUSION

The sum of potential energy and surface energy of
the crater and the cylindrical wave and the kinetic
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energy of the cylindrical wave is nearly equal to the
original kinetic energy of the falling drop when the
crater has reached maximum size. For craters at
maximum size produced by 14-mg drops at a velocity
near 155 cm/sec, about 86 percent of the energy is po-
tential and surface energy and 12 percent is kinetic
energy of the cylindrical wave. At a higher velocity,
between 40 and 60 percent of the energy is surface and
potential and 20 to 40 percent is kinetic energy in the
cylindrical wave. Although facilities available for the
experiments reported here did not permit a drop veloc-
ity between 600 to 1,800 cm/sec, the change in energy
partitioning for these high velocities, for which only
20 to 30 percent of the energy is represented by poten-
tial and surface energy, suggests that as much as 70
to 80 percent of the energy may be present as kinetic
energy in the cylindrical wave.
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GLACIAL ERRATICS AND THE PROBLEM OF GLACIATION
IN NORTHEAST KENTUCKY AND SOUTHEAST OHIO—
A REVIEW AND SUGGESTION

By LOUIS L. RAY, Washington, D.C.

Abstract—The mode of transportation and emplacement of
glacial erratics in northeast Kentucky and southeast Ohio, first
reported in the early years of this century, has not been ade-
quately explained despite the several proposed hypotheses. The
problem is reviewed, and the suggestion is made that a glacial
advance, possibly of Nebraskan age, extended somewhat beyond
the mapped limits of glaciation in southern and southeast Ohio
and into northern Kentucky. Such an advance would provide
for emplacement of the glacial erratics through ice rafting. It
is further suggested that until this problem is solved by field
and laboratory studies, the regional Quaternary history can
not be explained, nor can the Quaternary disruption of the
preglacial Teays drainage system and the development of the
present Ohio River.

Long ago it was predicted that “***a much broader
territory in the Ohio Valley had been glaciated than
has been supposed***” (Jillson, 1925, p. 20). This pre-
diction, as yet neither verified nor rejected, was based
on recognition of widely scattered erratics of exotic
rock types in northeast Kentucky, far south of the
mapped glacial border (Jillson, 1924a, 1925, 1929;
Leverett, 1929; Flint and others, 1945). Boulders, cob-
bles, and pebbles of granite, granodiorite, porphyritic
granite, gneiss, norite gneiss, schistose quartzite, and
sandstone foreign to the region have been identified
(W. F. Hunt and O. F. Poindexter, quoted in Jillson,
1924b, p. 129-131) and were reported to have been de-
rived either from the Adirondack Mountains or that
part of Canada north of the region between Ottawa
and Quebec (Jillson, 1925 ; Leverett, 1929). All erratics
were said to be in drainage basins of streams now
tributary to the Ohio River, and at altitudes ranging
from less than 800 feet to about 1,000 feet.

Small erratics have been reported by Tight (1903),
Patton and Hicks (1925), Leverett (1929), and Ireland
(1943) from presumably unglaciated southeast Ohio
(see Goldthwait and others, 1961). The problem posed
by the presence of erratics in southeast Ohio was sum-

marized by Leverett (1929, p. 50), when he reported
that he

was disposed to refer their presence in this region to the work
of Indians or other human agency. But since erratics have now
been found in Kentucky at still greater distances outside the
border of the till, and of a size entirely beyond that which is
referable to human transportation, it seems well to look into
the question of the mode of deposition of these small erratics
noted in southeastern Ohio.

Since these erratics were first reported, no further
important discoveries have been made in Kentucky. In
southeast Ohio, beyond the mapped boundary of the
oldest recognized ice sheet of Illinoian age, Rich
(1939), on the basis of interpretation of aerial photo-
graphs, suggested the possibility of an ancient till plain
in southern Ohio, west of the Scioto River (fig. 1). This
suggestion has neither been confirmed nor rejected in
later studies. Later, Ireland (1943) in his thought-
provoking paper suggested that the position and
weathering of erratics in southeast Ohio indicated de-
position during a pre-Illinoian glaciation, probably of
Nebraskan age. In the Hocking Valley, Kempton and
Goldthwait (1959) reported terrace levels above those
of Tllinoian age and suggested that erratics described
by Merrill (1953) on high hills above the level of the
outwash of Illinoian age may possibly be “the only
remaining traces found thus far of pre-Illinoian ice
or water-laid deposits” (Kempton and Goldthwait,
1959, p. 137).

Thus, the problem posed long ago remains unsolved
and seemingly forgotten today. Even the erratics in
Kentucky shown on the “Glacial Map of North Amer-
ica” (Flint and others, 1945) have been removed from
the later “Glacial Map of the United States East of
the Rocky Mountains” (Flint and others, 1959). If,
however, one accepts the assumption, which there seems
to be no reason to doubt, that the erratics were ori-
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ginally a product of glaciation, an explanation of their
transportation and emplacement is essential for an
understanding of the Quaternary history of a broad
area in southeast Ohio, northeast Kentucky, and pos-
sibly in West Virginia. It is basic for determining the
history of the disruption of the preglacial Teays drain-
age system and the development of the present Ohio
River (see Leverett, 1902; Tight, 1903; Stout and
others, 1943, p. 50-106).

Two major hypotheses, with variations, have been
suggested for transportation and emplacement of the
erratics: first, that they were ice rafted in glacially
ponded proglacial drainage basins (Jillson, 1924a),
and second, that they were deposited directly from an
unrecognized glacial ice lobe that reached into northern
Kentucky (Jillson, 1924b). Because the altitude of the
largest known erratic requires glacially ponded drain-
age to an altitude higher than the highest overflow
channels recognized between the ponded drainage

basins, Jillson (1924a) suggested diastrophic up-
lift in Quaternary time. Leverett (1929), on the other
hand, suggested marine submergence to explain this
emplacement anomaly by ice rafting. Inasmuch as no
corroborative evidence has been produced to indicate
either a diastrophic uplift or a depression, one is left
with the two major hypotheses—ice rafting in pro-
glacially ponded drainage basins, or direct deposition
from an unrecognized ice lobe, probably of Nebraskan
age (Jillson, 1925).

Because precise data are lacking on the exact posi-
tion and altitude of almost all erratics reported, only
the two best known and described erratics in Kentucky
are used to test critically the two hypotheses. These
are the Epworth and Farmers boulders (fig. 1).

THE EPWORTH BOULDER

The Epworth boulder, the largest and best known
of the erratics, is of porphyritic granite gneiss (W. F.
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Hunt and O. F. Poindexter, quoted in Jillson, 1924b,
p. 129-131). It is in Lewis County, Ky. (Burtonville
quadrangle), at the head of a draw on the south-facing
valley wall of Beechy Creek, a tributary of the North
Fork of the Licking River, at an altitude of approxi-
mately 980 feet (Morris, 1965), some 200 feet below
a dissected upland surface. Jillson (1924b) described
the weathered boulder, which had been largely de-
stroyed by blasting, as originally weighing about 16
tons and having dimensions of 8 X 6 X 4 feet (for
photographs see Jillson, 1924b, or Leverett, 1929). The
boulder rested on the Ohio Shale below its contact with
the overlying Bedford Shale (Morris, 1965). Such a
position suggests that it was not at its original deposi-
tional site, but had slumped, as noted by Jillson
(1924Db), possibly during dissection of the upland sur-
face. If its original position was on the upland, it
would seem to preclude its having been ice rafted into
position, for no evidence has been reported of glacial
ponding in the Licking River basin to that height. Its
present location led Leverett (1929, p. 35) to conclude
that its “topographic position as well as size***seem to
be against its reference to flotation on ice blocks in
ponded waters,” for drainage divides regulating the
level of ponding in the Licking River basin were pre-
sumably somewhat lower, probably near 900 feet
(Leverett, 1929, p. 46).

It would appear, therefore, that the hypothesis of
ice rafting in ponded proglacial drainage basins does
not provide a satisfactory solution to the problem be-
cause the suggested diastrophic movements have been
rejected for lack of critical supporting evidence.

The second hypothesis, that of direct deposition from
glacial ice, was first rejected by Jillson (1924a) because
there was no tangible evidence of glacial deposits near
the Epworth boulder. However, in 1925 he concluded
that as the glacial deposits must be of great age,
possibly Nebraskan, they had been destroyed through
weathering and erosion. As a result, he postulated an
ice lobe extending far into Kentucky that encompassed
an area from the West Virginia boundary almost to
Louisville (Jillson, 1925, pl. 2). Detailed mapping by
Morris (1965) in the vicinity of the Epworth boulder
supports Jillson’s belief in the lack of glacial deposits.
Morris reported that the thin soils on the uplands
indicate only a normal progression from fresh rock
through a weathered zone to residual soil, and that if
glacial deposits had formerly been present they have
been completely removed by subsequent erosion.

Few have considered this proposed ice lobe to be a
reasonable possibility because of the lack of supporting
evidence, although Thwaites (1946, pl. 3) indicated a
somewhat similar glacial lobe of Nebraskan age in
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northern Kentucky. Wayne (1956, fig. 10) likewise
indicated a questionable extension of an ice lobe into
Kentucky to encompass the sites of the erratics; he
suggested that it is Kansan in age.

Available data indicate that the second hypothesis
is no more satisfactory than the first in explaining the
mode of transportation and emplacement of the Ep-
worth boulder. As neither hypothesis can be cate-
gorically rejected on the basis of a single boulder, a
critical appraisal of the Farmers boulder is required.

THE FARMERS BOULDER

The Farmers boulder, an erratic described and
figured by Jillson (1924b) and Leverett (1929), is some
20 miles south of the Epworth boulder (fig. 1), near
Farmers, Rowan County, Ky. (Farmers quadrangle).
It is at an altitude near 720 feet in the bottom of a
narrow, steep-sided ravine cut into the Ohio Shale
below an upland surface developed on a more erosion-
resistant sandstone (Borden Formation). The ravine
is tributary to Triplett Creek from the south, near the
creek’s confluence with the Licking River. Broad, slop-
ing, and dissected upland flats are locally present adja-
cent to the major streams at altitudes ranging from
about 820 to 940 feet. Steep-sided “knobs” rise locally
above the sloping uplands to altitudes of more than
1,200 feet.

The Farmers boulder is of schistose quartzite (W. F.
Hunt and O. F. Poindexter, quoted in Jillson, 1924b)
and has dimensions of 6 X 3 X 2 feet. It has been
estimated to weigh 3 tons (Jillson, 1924b, p. 129-131).
Although it appears to be relatively unweathered, there
is evidence that it has been reduced in size by spalling.
Obviously, this boulder, like the Epworth boulder, is
not in its original depositional site, but has slumped
into the ravine during dissection of the adjacent up-
land, locally at an altitude near 840 feet. If this upland
is considered the original depositional site of the
boulder, it is within the realm of possibility that the
boulder could have been ice rafted into place. The dis-
tance from the parent ice front of the early glacier
that ponded the Licking River near Cincinnati (fig. 1)
and the circuitous nature of the ancient upland valley
stretch one’s credulity, however, for proglacial ice
rafting. Furthermore, a brief reconnaissance of the
local area by the writer and M. M. Leighton failed to
reveal critical evidence for lacustrine deposits or an-
cient weathered glacial till on the upland flats. The
emplacement of the Farmers boulder, like that of the
Epworth boulder, cannot be readily explained by either
of the two hypotheses on the basis of available field
data.



D198

SUGGESTED HYPOTHESIS FOR EMPLACEMENT OF
ERRATIC BOULDERS

Inasmuch as available data are inconclusive for ex-
plaining the emplacement of the erratic boulders in
northeast Kentucky and southeast Ohio, it becomes
necessary to assess the problem regionally in the hope
of suggesting a rational hypothesis. For this, several
assumptions are made:

(1) That the erratics are of glacial origin and were
removed from their parent ledges and transported for
an unknown distance to the southwest by glacial ice;

(2) that the glacial ice sheet involved is pre-Illinoian
in age, presumably Nebraskan, inasmuch as drift of
Nebraskan age has been recognized as the earliest and
most extensive on the relatively undissected uplands
in northern Kentucky (Leighton and Ray, 1965; Ray,
1966) ;

(3) that since emplacement of the erratics the ter-
rain has been deeply dissected by erosion;

(4) that the drift of Nebraskan age was composed
largely of a fine-grained calcareous matrix with frag-
ments of limestone, silty limestone, shale, and sand-
stone and with very few fragments of crystalline rock;

(5) that in southeast Ohio and northeast Kentucky
there has been no appreciable diastrophism during
Quaternary time; and

(6) that the advancing glacial ice sheet dammed and
ponded stream basins draining to the north so that
ponded waters of one basin rose to the level of the
lowest divide separating it from adjacent basins.

It is suggested that future detailed field studies in
“unglaciated” southern and southeast Ohio may reveal
an extension of glaciation beyond the mapped bound-
ary of the drift of Illinoian age (Goldthwait and
others, 1961). Because the first and presumably the
most extensive ice sheet to advance into Ohio is held to
be of Nebraskan age and to have moved across an up-
land surface of relatively low relief, now dissected, it
is suggested that relict deposits may be found only as
deeply weathered drift on remnants of the dissected
upland surfaces. This situation would be analogous
to the deeply weathered drift of Nebraskan age on the
dissected uplands of northern Kentucky between the
Cincinnati and Louisville areas (Leighton and Ray,
1965; Ray, 1966). Because the glaciation of Nebraskan
age in that area is the most widespread, it would ap-
pear reasonable to suggest that it was likewise the most
widespread in southern and southeast Ohio.

Speculation places the margin of the ice sheet of
Nebraskan age in Ohio, from the latitude of Zanesville
to the Scioto Valley, a few to perhaps as many as 15
miles or more beyond the outer margin of the ice sheet
of Illinoian age (fig. 1). It is suggested that the glacier
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crossed the Scioto Valley south of Chillicothe and con-
tinued to the southwest, crossing the present Ohio
Valley between Portsmouth and Manchester (see Gold-
thwait and others, 1961). The later Illinoian ice is
believed to have mantled and obscured the intervening
drift of the less extensive Kansan glaciation.

In Kentucky, the ice boundary is suggested to have
continued far enough to the south to have crossed and
ponded the ancient high-level valley of the North Fork
of the Licking River and possibly the main stem of the
Licking River. The outer margin of the ice sheet may
then have turned to the northwest, toward the area of
Nebraskan drift in the Cincinnati region (Ray, 1966),
where the Licking River is known to have been
dammed by ice.

An ice lobe such as this would have been only tempo-
rary along the fluctuating outer margin of the glacier.
It would, however, have provided for the pre-Illinoian
terraces and ice-rafted erratics in southeast Ohio that
appear to be related to upland channels and ponded
stream basins. In Kentucky, the headwater reaches of
the ancient North Fork of the Licking River are pre-
sumed to have been temporarily ponded to an altitude
higher than that of the main stem of the Licking River
and possibly as much as 200 feet or more higher than
the ponded Teays drainage (fig. 1). Such ponding
would have provided for ice rafting of both the Ep-
worth and the Farmers boulders; it would likewise
reduce the distance of ice rafting along the broad
ponded drainageways on the relatively undissected
uplands.

Such a proposed ice lobe at once raises a multitude
of questions that cannot be answered on the basis of
present knowledge. Where, for example, is the evidence
of the glacial drift that must have been deposited on
the uplands and in the ponded, ice-dammed drainage
basins? It is believed that the glacial drift of the
proposed ice lobe will be found only by detailed ex-
amination of residual deposits on the larger remnants
of the now dissected uplands that were formerly ice
mantled—uplands that have been subjected to subaerial
weathering and erosion since dissipation of the ice
sheet of Nebraskan age. Because the drift was domi-
nantly calcareous, it may have been wholly leached,
leaving only a residuum of clay, silt, sand, and cherty
insolubles. Presumably, the minor crystalline rock
constituents have been completely rotted, except where
they are sufficiently protected by thick overburden or
because they are of unusually large size. Analysis of
the thickest surficial residuum may indicate, perhaps,
introduced weathering-resistant minerals not locally
derived. Likewise, thin lacustrine deposits in the now-
dissected and well-drained upland channels may have
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been largely removed by erosion or so modified by
weathering that they have escaped identification and
can be recognized only through detailed laboratory
analyses.

It is hoped that future studies in field and laboratory
may substantiate the speculative hypothesis here sug-
gested. The problem will not be easily or quickly
solved.
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GLACIAL LAKE NORFOLK AND DRAINAGE CHANGES
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Abstract.—In the Norfolk quadrangle, Connecticut, glacial
drift has disrupted the preglacial drainage pattern in the
headwaters of the Blackberry River, a west-flowing tributary
of the Housatonic. Of four streams that flowed generally
northward in preglacial time, three have been diverted so that
their waters repeatedly cross inferred preglacial divides. Much
of the glacial drift that diverts these streams was deposited in
an ice-marginal lake, glacial Lake Norfolk.

The Blackberry River (fig. 1), in northwestern Con-
necticut, flows generally west-northwest to the Housa-
tonic. Its southern tributaries therefore flow generally
north, against the general direction of movement of
the Pleistocene glacier ice. In preglacial time, four
such streams apparently drained the northwest part of
the Norfolk quadrangle, Connecticut, and three of these
left the quadrangle independently. Glacial drift now
diverts three of the four streams across preglacial di-
vides. Much of this drift was deposited in a lake that
formed between the retreating ice front and the pre-
glacial divide to the south. This lake is here called
glacial Lake Norfolk.

PREGLACIAL TOPOGRAPHY

The westernmost of the four stream valleys in the
Norfolk quadrangle inferred to have drained to the
Blackberry River in preglacial time is that of Roaring
Brook (fig. 1). Perhaps because it trended north-
northeast, almost transverse to the direction of advance
of the ice, which came from the north-northwest, this
valley does not contain any great amount of glacial
drift, and the present course of Roaring Brook is ap-
parently very nearly the same as its preglacial course.
The three streams to the east, however, were all dis-
rupted by thick drift.

The easternmost of the three streams inferred to
have been diverted by glacial drift flowed north from

what is now Spaulding Pond. North of the latitude
of Norfolk village, the valley of this stream is so
deeply buried under glacial drift that its route can only
be guessed. However, I interpret the results of drilling
by the Soil Conservation Service, U.S. Department of
Agriculture (W. M. Brown, written commun., 1968)
to mean that the stream drained northward, and that
it passed east of Haystack Mountain. Wells drilled at
the site of a proposed dam on Wood Creek, 0.3 mile
above the mouth of the creek at the source of the
Blackberry River, did not reach bedrock at depths as
great as 67 feet. The elevation of the bottom of the
deepest well was 1,104 feet, more than 30 feet below
the elevation of the rock crossed by Wood Creek near
its mouth. The preglacial drainage was therefore in-
cised below that mouth, and the stream north from the
site of Spaulding Pond must have left the quadrangle
at some point north or northeast of Norfolk village,
either where Wood Creek now enters it, or farther east
as suggested on the map (fig. 1).

The divide west of this preglacial valley included
Dutton Mountain, the rock hills east and north of the
millpond in Norfolk, and Haystack Mountain. Pre-
sumably the low point along its crest was at or near
the point where Wood Creek and Spaulding Brook join
to become the Blackberry River. This rock saddle may
have been lowered as the result of erosion by ice thrust-
ing southeastward up the valley of Blackberry River.

The valley west of Dutton Mountain drained north
into what is now the Blackberry River, and may be
called the ancestral Blackberry River (fig. 1). The
bedrock valley is now so deeply buried that its exact
position can only be guessed, except at its northern
end which is believed to be marked by an area of seep-
age springs on the south wall of the present valley of
Blackberry River. In spite of a steep slope, these
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springs keep the soil wet, so that it is covered by a
stand of swamp alder rather than by one of the mixed
forests normal on hillsides in the region.

Most of the preglacial divide west of this ancestral
Blackberry River valley is also buried under glacial
drift. However, rock outcrops at several places indi-
cate the approximate location and trend of the former
divide.

West of these outcrops, the bedrock surface lies much
deeper. The distribution of kettles, some of which are
deep, suggests the approximate position of the buried
valley. A test well drilled at a location east of the
inferred axis, northwest of the northeast spur of Tobey
Pond, penetrated 123 feet of stratified drift without
reaching bedrock (R. L. Melvin, written commun.,
1969) ; its bottom was more than 60 feet lower than the
lowest known point along the crestline of the inferred
preglacial divide to the east. I believe that the buried
valley marks the route of the ancestral Tobey Pond
Brook (fig. 1), and that this brook drained northwest
to a confluence with Roaring Brook.

MODIFICATION OF TOPOGRAPHY DURING GLACIATION

Effects of active ice

During the active phase of glaciation, ice from the
north-northwest deposited thick till in what is now
the northeast part of Norfolk village. The till forms
a drumlin, or drumlinlike ridge (fig. 1), that com-
pletely blocks off the easternmost of the four preglacial
valleys. The northward drainage from the site of
Spaulding Pond was defeated, so that Norfolk Brook
now spills westward across the preglacial divide into
Spaulding Brook.

Another till ridge, in the lee of a bedrock hill, closed
off the head of a smaller preglacial valley that was
tributary to this easternmost north-flowing preglacial
valley. This till ridge created the basin of Pond Hill
Pond. The bedrock valley west or northwest from
Pond Hill Pond is so effectively buried that its course
can only be surmised.

A blanket of till was also deposited on the west slope
of Dutton Mountain. The till here began the process
of burying the valley of the ancestral Blackberry River.
In the absence of subsurface data, the thickness of the
till is unknown. If thick, the till may have buried the
bedrock valley completely, so that the axis of the buried
valley could lie east of Spaulding Brook, rather than
west of Spaulding Brook as suggested in figure 1, or
the valley could zigzag under the till.

Undetermined amounts of till are doubtless also
present in the valley of the ancestral Tobey Pond
Brook. This area is so deeply buried under younger
stratified drift that only extensive subsurface explora-
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tion could determine what thickness of till may lie in
it.
Spaulding Pond area

An esker south of Spaulding Pond leads up toward
a spillway (., fig. 1) at about 1,495 feet elevation. This
esker, together with associated kettled stratified drift,
1, that is apparently related to a nearby spillway, B,
at about 1,455 feet, shows that the ice stagnated during
its disappearance from this area. As soon as the ice
had melted back from the line of the preglacial divide,
water presumably became ponded between it and the
rock to the south. At first this lake, an ancestral
Spaulding Pond, drained through the spillway at B.
As melting continued, however, a lower spillway be-
came available at the low point in the rock divide
around the head of the preglacial valley, namely the
present outlet of Spaulding Pond, at C.

Spaulding Pond as it exists today is artificial, but
its floor is thick peat; a natural pond must have oc-
cupied the site at the beginning of the Holocene. Rock
encloses the sides and south end of the pond, but the
north end is closed by a sand-and-gravel plug, 2, that
extends more than 1,000 feet to the north. Landforms
of ice-contact origin in the north part of this stratified-
drift plug show that it was deposited by melt water
that came from ice in the valley just to the north.

This plug was built so high that it continued to im-
pound the previously north-flowing drainage even after
the ice finally went out; it forces the flow to continue
to spill at C, the lowest point in the preglacial drainage
divide, today. This diversion shifted the divide between
the Housatonic and Connecticut drainage basins in
this area.

At the present time, a brook that flows most of the
year pours northwest onto the stratified-drift plug
north of Spaulding Pond. There it sinks into the gravel
and disappears to underflow except at times of unusual
floods. The recharge keeps the water table in the gravel
so high that water seeps continuously into Spaulding
Pond. Although no surface water enters Spaulding
Pond except during storms and the spring thaw, this
ground-water inflow maintains its outlet, the source of
Mad River, as a perennial stream.

Dennis Hill area

West of Dennis Hill, as at the divide south of
Spaulding Pond, water doubtless became ponded as
soon as the ice front had retreated north of the pre-
glacial drainage divide. The resulting lake, a predeces-
sor or early stage of glacial Lake Norfolk, stood at an
elevation of about 1,435 feet; its water spilled south-
ward at a saddle (D, fig. 1) half a mile west of the
summit of Dennis Hill. The waters from spillway D
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eventually reached the Housatonic River, south of the
Norfolk quadrangle, by way of the Naugatuck River.
Apparently plunge-pool erosion by a waterfall that
developed in the spillway carved a rock basin, which
is now occupied by a small round pond.

Spillway D was abandoned when, as melting con-
tinued, a lower drainage route became available. This
route crossed the rock divide north of Dennis Hill and
drained to the east, to the Connecticut River. For a
time, drainage was by way of two spillways, at Z.
These spillways, at about 1,340 feet, crossed the pre-
glacial divide at the head of Mad River about 0.9 mile
north of Dennis Hill. A deposit of stratified drift,
3, west of these spillways, indicates that ice stood
nearby at least part of the time that they were in
operation. However, I found no evidence to prove that
the saddle, at &, one-third mile farther north, ever
served as a spillway as Flint (1930, p. 131 and map)
inferred. The topography at saddle &, the point where
the former railroad grade crossed the divide, has been
modified by cutting for the railroad and by grading
for successive highways, but the available evidence
suggests that before colonial days the surface was
probably a few feet higher than that at the spillways
designated £.

A still lower point in the crestline of the rock divide
occurs 0.6 mile north of Dennis Hill, at #. Ice may
have blocked this while the spillways to the north, at
E, were in use, or the ground level may initially have
been higher because of till deposits so that all three
spillways functioned simultaneously. Whether through
melting of ice or erosion of till, the low point at F soon
came to be the controlling spillway so that it carried
off the waters of glacial Lake Norfolk into Mad River.
After this spillway was cut down to bedrock at about
1,325 feet elevation, the lake level was stabilized. As
far as is known, this rock lip continued to control the
level of glacial Lake Norfolk until so much ice melted
out that a route to the west down the Blackberry River
valley, around the north side of Canaan Mountain, was
opened up.

Tobey Pond delta

The drift that buries the preglacial surface north and
east of Tobey Pond is stratified and has the form of a
kettled delta. This deposit, here called the Tobey Pond
delta (8 to 4, fig. 1), is the principal evidence for the
former existence of glacial Lake Norfolk. Melt-water
streams entering glacial Lake Norfolk built the Tobey
Pond delta after the ice front had retreated to a line
that may have run east-west approximately half a mile
north of Tobey Pond. A large block of stagnant ice,
which later melted and left Tobey Pond as a kettle,
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limited the delta on the south. Numerous smaller kettles
north of Tobey Pond record smaller blocks of ice that
were surrounded or buried; the largest are inferred to
mark the preglacial valley of ancestral Tobey Pond
Brook.

The initial form of the delta surface is obscured both
by the collapse due to melting out of buried ice and by
Holocene erosion. Most of the delta lies east and north
of Tobey Pond, but a gravelly hill, 4, west of the outlet
of Tobey Pond appears to be part of the same deposit.
If so, its elevation of more than 1,360 feet makes it
the highest preserved remnant. It stands more than
30 feet above the lake level that would be determined
by the rock lip of spillway 7, even after a reasonable
allowance is made for the effects of postglacial tilt.
The relations of this gravelly hill to the sloping delta
surface north and east (5 and 6, respectively, fig. 1) of
Tobey Pond suggest that it is the apex of the subaerial
part of the delta, which had the form of a fan sloping
east across the Tobey Pond ice block. The stream that
deposited the bulk of the delta would seem, therefore,
to have entered the basin of glacial Lake Norfolk near
the gravelly hill at 4. If so, it must have reached this
point either across the ice to the northwest or across
the divide east of Roaring Brook.

Nearly all the material in the delta and much of that
in the associated fan is sand. For example, the test hole
north of Tobey Pond (fig. 1) penetrated 113 feet of
material that was almost entirely sand, after passing
through 10 feet of interbedded sand and gravel at the
surface (R. L. Melvin, written commun., 1969). Pebble
gravel is present in the uppermost few feet of the com-
bined deposit at most places except in the eastern face
overlooking Spaulding Brook (7, fig. 1). Apparently
pebble gravel characterizes the subaerial (fan) beds,
but is scarce or lacking in the subaqueous foreset beds.

Other deposits probably related to glacial Lake Norfolk
The north edge of the Tobey Pond delta-fan deposit
differs in appearance from the east edge. The east edge
(7, fig. 1) appears to be a normal depositional foreset
slope notched by scallops due to later erosion. The ori-
gin of the gentler slope, 9, to the north is not fully
understood. In a gravel pit at the northeast corner of
what would seem to be the same deposit, gravel occurs
in the upper beds, which overlie sand that contains
little or no gravel. This is the same stratigraphic se-
quence that is usual farther south, but here the gravel
lies more than 75 feet below lake level. The easiest
explanation of the observed relations would seem to be
that they are the result of over-ice deposition at lake
level, followed by collapse. However, the sand strata
do not show the usual internal evidence of collapse;
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such evidence would perhaps be expected if these de-
posits had settled 75 feet by the melting of subjacent
ice.

Lacustrine silts, 70, in the valley of Wood Creek, in
the north part of Norfolk village and to the north, may
have been deposited in glacial Lake Norfolk, though
they may also be older. They postdate the thick pre-
sumably subglacial till of the drumlinlike ridge to the
east, but scattered stones, boulders, and patches of till
seem to indicate that ice moved across them after they
were deposited. This inference may be supported by
the results of consolidation tests made for the Soil
Conservation Service (W. M. Brown, oral commun.,
1968), which have been interpreted as showing that
in the vicinity of the proposed dam these lake silts (70,
fig. 1) have been compacted by overburden. I suggest
that this overburden was ice that has subsequently
melted rather than strata that have subsequently been
eroded. If ice overrode the lakebeds, two interpreta-
tions are possible. First, these lakebeds may be older
than the glacial Lake Norfolk beds west of Dutton
Mountain, which seem not to have been overridden. If
so, the Wood Creek deposits must apparently have
been under the ice cover throughout the lifetime of
glacial Lake Norfolk. Alternatively, ice may have
buried these silts as the result of a short-lived resur-
gence of ice movement just before glacial Lake Norfolk
was drained.

I interpret several gravel knobs north of the Tobey
Pond delta as kames, which indicate that after the delta
had been built above lake level north and east of the
ice block at the site of Tobey Pond, the ice confining the
delta on the north melted out under stagnation condi-
tions. However, ice was apparently still thrusting
southeast up the valleys of Blackberry River and an-
cestral Tobey Pond Brook. Morainelike ridges (fig. 1)
of drift, partly till and partly stratified, were deposited
marginal to these valley lobes. These deposits seem to
be retreatal moraines left by the last ice known to have
been active in the Norfolk quadrangle.

Draining of glacial Lake Norfolk

When the ice melted out to the point where a route
to the west down the valley of the Blackberry River
became available, glacial Lake Norfolk was drained.
The conditions attending this drainage are not known.
I found no adequate evidence to establish Flint’s in-
ference (1930, p. 131 and map) of intermediate lake
levels at 1,220 and 1,190 feet. On the contrary, Joseph
H. Hartshorn (oral commun., 1968) has suggested that
the lake may have emptied very rapidly.

If the initial westward leakage down the Blackberry
River valley from the basin of glacial Lake Norfolk
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took a course through ice that was already decaying,
the channel may have been enlarged rapidly, not only
by normal stream abrasion processes in the crumbling
ice, but also by melting, for the bottom waters of the
lake may have been near the temperature of maximum
density, 4°C., rather than at the melting point. En-
largement of the outlet might occur at an exponentially
increasing rate. This would perhaps permit the sug-
gested sudden emptying of the lake.

Sudden emptying of the lake, Hartshorn suggests,
may account for the scalloped pattern in the foreset
east face of the Tobey Pond delta (7, fig. 1). The sat-
urated, rather fine-grained beds of the delta foresets
would perhaps be unable to lose water by subdrainage
as fast as the lake level was lowered, and sudden failure
and movements of mudflow type could have resulted,
and produced the scallops. Otherwise, postglacial ero-
sion must have formed this pattern.

A deposit that has the form of a gently sloping fan
(11, fig. 1) heads at the point where Norfolk Brook
spills west across the preglacial divide into the valley
of Spaulding Brook. The genesis of this feature as
the result of turbidity currents under the waters of
glacial Lake Norfolk seems unlikely, as the deposit in-
cludes gravel with 7-inch cobbles. On the other hand,
I saw no supporting evidence to indicate that the level
of glacial Lake Norfolk ever stood at 1,220 feet long
enough for this deposit to accumulate as a delta, as
Flint (1930, map) infers. Its origin in postglacial time
also seems unlikely, as the present brook is incised be-
low the fanlike surface. I therefore suggest that the
deposit was constructed by mudflows at the time gla-
cial Lake Norfolk was suddenly drained. Alternatively,
it may have been built by torrential melt-water runoff
after the lake was drained.

PRESENT DRAINAGE PATTERN

After glacial Lake Norfolk was drained, the runoff
took a consequent course on the newly exposed surface.

In the easternmost preglacial valley, the stratified-
drift plug (2, fig. 1) ponded the southern part and
forced the ancestor of Spaulding Pond that existed in
early Holocene time to drain across the preglacial di-
vide, as discussed above. Farther north, the drumlinlike
ridge blocked the valley and forced Norfolk Brook, in
the middle segment of the former valley, to drain west
across the preglacial divide into the valley of the an-
cestral Blackberry River. In the northern part of the
former valley, north of the Norfolk quadrangle, other
drift deposits, not yet mapped, blocked and reversed
the preglacial drainage; east of Haystack Mountain,
Wood Creek now drains south where the former drain-
age flowed north.
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To the west, the Tobey Pond delta had largely
obliterated the preglacial valley of ancestral Tobey
Pond Brook. Kettles north of the outlet of Tobey
Pond suggest that the present course of the upper part
of Tobey Pond Brook may have been initiated along a
line of collapse left when ice melted out from a former
tributary of the main preglacial valley. At the longi-
tude of the main preglacial valley (ancestral Tobey
Pond Brook), the morainelike ridge blocking that
valley forced the stream to continue eastward across the
preglacial divide. Thus Tobey Pond Brook, like Nor-
folk Brook, became a tributary to the valley of the
ancestral Blackberry River (fig. 1).

In the preglacial valley of the ancestral Blackberry
River, Spaulding Brook followed the crease between
the westward slope of till on the flank of Dutton Moun-
tain on the east and the foreset beds of the Tobey Pond
delta on the west. The delta apparently encroaches on
the till slope, for drilling by the Soil Conservation
Service at a proposed damsite west of Dutton Mountain
(fig. 1) found that fine-grained soils, interpreted as
lacustrine, thicken westward from beneath the alluvium
of Spaulding Brook (W. M. Brown, written commun.,
1968).

North of the latitude of Dutton Mountain, Spauld-
ing Brook swung west around the foot of the Norfolk

n
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Brook fan (71, fig. 1). North of the fan, the moraine-
like ridge blocking the preglacial valley diverted
Spaulding Brook, now augmented by the waters from
the valleys to the east and west, and forced it to spill
across the preglacial divide to the east. This diversion
across bedrock accounts for the gentle gradient of
Spaulding Brook above the point where it crosses the
rock ridge, and for the picturesque waterfall in Nor-
folk village that descends from the preglacial divide to
the junction with Wood Creek at the head of Black-
berry River.

The drift deposits that blocked the northward exit
down the preglacial valley east of Haystack Mountain
prevented Spaulding Brook from draining northward
from the foot of the waterfall in Norfolk village. In-
stead, uniting with Wood Creek, it spilled back across
the former divide at the low point in its crest. Wood
Creek cascades down on bedrock to reach the junction,
and below the junction the Blackberry River flows on
rock for more than 1,500 feet, all the way to the junec-
tion of the present valley with that of the ancestral
Blackberry River.
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AN ANASTOMOSING CHANNEL COMPLEX AT THE BASE OF THE
PENNSYLVANIAN SYSTEM IN WESTERN KENTUCKY

By FRED R. SHAWE and BENJAMIN GILDERSLEEVE,
Berea, Ky., Bowling Green, Ky.

Work done in cooperation with the Kentucky Geological Survey

Abstract.—Mapping in western Kentucky has partly de-
lineated a complex, anastomosing channel system at the base
of the Pennsylvanian System. This channel complex is found at
the margins of, and at altitudes reaching a maximum of about
120 feet above, a major westward-trending trunk channel. Fill
in the main and subsidiary channels is dominantly sandstone,
but it includes conglomerate, conglomeratic sandstone, siltstone,
shale, and coal. The shape of channel walls is generally con-
trolled by the varied resistance to erosion of different Missis-
sippian rocks in which the channel is cut. In a few places,
faults have controlled the position of a channel or the shape of
a channel wall.

The most conspicuous feature at the base of the
Pennsylvanian System in western and west-central
Kentucky is a large westward-trending sandstone-filled
channel cut into the Mississippian rocks. This channel
has been traced along the southeast margin of the Illi-
nois basin in Kentucky from near Willowtown to the
vicinity of Woodbury, a distance of about 65 miles (fig.
1, area location). The channel was considered by Miller
(1910) to be a probable Early Pennsylvanian connec-
tion between the Appalachian and Illinois basins. Bur-
roughs (1923) recognized the channel character of
conglomeratic sandstones in tributaries and distribu-
taries of the channel in Hart County. Weller (1927)
noted what he called subsidiary channels in the gen-
eral area of the Brownsville and Reedyville quad-
rangles. Potter and Siever (1956), in their studies of
crossbedding, showed that the sandstones and conglom-
erates had been deposited by currents flowing from east
to west.

Recent mapping in the Brownsville and Reedyville
quadrangles in Butler, Edmondson, and Warren Coun-
ties, Ky., has disclosed a complex system of anastomos-
ing channels along the south flank of, and at altitudes
reaching a maximum of about 120 feet above the floor

of, the main channel (Gildersleeve, 1965; Shawe, 1966).
This channel complex is cut into rocks of Late Missis-
sipian age, which range from the Big Clifty Sandstone
Member of the Golconda Formation to the lower part
of the Menard Limestone. Rocks of the Caseyville
Formation of Early Pennsylvanian age fill the chan-
nels (figs. 2 and 3). The network extends south of the
main channel for at least 8 miles and has been traced
for about 16 miles along the main channel. Frag-
mentary drill-hole records and current geologic
mapping indicate a similar channel complex along the
north side of the main channel.

The paleotopography of the channel complex was
reconstructed—as nearly as possible—by contouring
the interval between the Mississippian-Pennsylvanian
uncomformity and the base of the Main Nolin coal
(the lowest coal bed in the Pennsylvanian System in
this area) to eliminate post-Main Nolin deformation.
An altitude of 1,000 feet was assigned to the base of
the Main Nolin coal to avoid negative numbers. The
resultant map shows the subsidiary channel system;
not enough data are available to depict the configura-
tion of the main channel (fig. 1). Channels in the
subsidiary system steepen abruptly 1-3 miles above
their junctures with the main channel, although this
is not evident on the map. Rarely, small subsidiary
channels steepen abruptly just above their junctures
with larger subsidiary channels. Distributary junc-
tures seem as common as tributary junctures.

The channel system has a maximum relief of about
180 feet. Individual channels are crudely V-shaped
with relatively narrow flat bottoms. The channels are
generally symmetrical and have terraced walls; at some
localities channels are asymmetrical in cross section
and have only rudimentary terraces. The terraces are
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Figure 1.—Contour map of the Mississippian-Pennsylvanian unconformity, showing the configuration of the post-Mississippian
channel complex and the location of pre-Pennsylvanian faults (D, downthrown side; U, upthrown side), Brownsville and Reedy-
ville quadrangles, Kentucky. Data insufficient to contour main channel.

mostly the result of the varied resistance of different
lithologies to erosion. Prominent terrace-forming units
are the lower limestone beds of the Menard Limestone,
the Vienna Limestone, and, to a lesser degree, the
uppermost beds of the Glen Dean Limestone. The
Haney Limestone Member of the Golconda Forma-
tion, the thick sandstone beds of the Hardinsburg
Sandstone, and the Big Clifty Sandstone Member of
the Golconda Formation are all about equally resistant
to erosion and form relatively steep valley walls with-
out terraces. Channels deep enough to have cut into
any of these three lower units appear incised (fig. 3).
Prechannel fault-line scarps modify the channel walls
at several localities, and at one place, about 21 miles
south of Reedyville, the position of a channel is con-
trolled by a fault for a distance of about 1 mile.

Fill in the channel complex consists of conglomerate,
conglomeratic sandstone, and sandstone, as well as
lesser amounts of siltstone and shale, and minor
amounts of coal. The fill is characteristically con-

glomerate, conglomeratic sandstone, and sandstone
where the channels are deepest and the channel sides
are steepest ; elsewhere, the fill may be shale, siltstone,
sandstone, or conglomerate. At many localities, con-
glomerate is the lowest material exposed and grades
upward into conglomeratic sandstone, sandstone, silt-
stone, and shale. Siltstone and shale occur throughout
the area, generally in the upper parts of the channel
fill, but locally they make up most of the channel fill.
Coal in the channel fill is mostly the Main Nolin coal,
which is confined to the area of the chanmnel system.
The highest interfluves in the channel area are higher
than the Main Nolin coal.

Sand grains are subangular to subrounded quartz
and range in size from very fine to very coarse; medium
to coarse grain sizes predominate. Individual sand
lenses range from very poorly sorted to well sorted.
Conglomerate consists of beds, stringers, and lenses of
well-rounded granules and pebbles of clear to milky
quartz, commonly frosted and iron stained, in a matrix
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of fine to very coarse quartz sand ; pebbles are as much
as 2 inches across but are mostly 14 to 14 inch in
longest diameter. Sandstone locally grades into con-
glomerate. A sparsely occurring conglomerate, made
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FIGURE 2.——G_engr£glized stratigraphic column of rocks exposed
along the Mississippian-Pennsylvanian unconformity, Browns-
ville and Reedyville quadrangles, Kentucky.
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up of both locally derived limestone clasts as much as
1 foot in diameter and a few quartz pebbles in a
matrix of limestone and quartz sand, is found mostly
in the steepened reaches of the channels. At a few
places this limestone conglomerate occurs on the ter-
raced valley walls directly upon the limestone from
which it was derived.

Conglomerate, with the possible exception of the
limestone conglomerate, and conglomeratic sandstone
are crossbedded. Sandstone is both crossbedded and
planar bedded ; siltstone is rarely crossbedded. Chan-
nel fill consisting of crossbedded conglomerate or con-
glomeratic sandstone overlain by crossbedded sand-
stone, which in turn is overlain by planar-bedded
sandstone, is not uncommon,

Contacts between channel fill and the Mississippian
rock are sharp and generally “clean” in that there are
very few areas of locally derived debris along the con-
tact.

The field relationship between the pre-Pennsylvanian,
faults and the channels and between the channels and
the upland surface on either side of the channel com-
plex shows that channel cutting took place relatively
late during the post-Mississippian uplift. According
to Siever (1951, p. 570-571), post-Mississippian uplift
in the Illinois basin took place in two stages separated
by a long period of erosion which reduced the surface to
a peneplane; he related channel cutting in the Illinois
part of the basin to the second stage of uplift. Channel
cutting in the Kentucky part probably occurred at
about the same time.

The origin of an anastomosing channel system cut
into bedrock along the flanks of, and many tens of
feet above, a major trunk channel is not well under-
stood. Several somewhat similar stream patterns exist
today, notably that of the Caroni River in Venezuela.
The slightly similar Pleistocene stream pattern of the
Washington scablands has been documented. Garner
(1967) believes that the stream pattern of the Caroni
River (and of some other present streams) is due to
climatic change. Bretz and others (1956) associate
the Pleistocene stream pattern of the Washington
scablands with glaciation. The origin of the anasto-
mosing channel complex in western and west-central
Kentucky cannot be explained at this time; it is an
intriguing problem.
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ACCURACY OF STREAMFLOW CHARACTERISTICS

By CLAYTON H. HARDISON, Washington, D.C.

Abstract.—Streamflow information, which is one of the end
products of the Water Resources Division of the U.S. Geologi-
cal Survey, may be obtained directly from a streamflow record
or may be derived from base data by analytical methods. In
either case, accuracy goals for the information obtained are
needed to test the adequacy of the information and to design
the data-collection system upon which the information is based.
It is proposed that the accuracy goal for each streamflow char-
acteristic be set equivalent to the accuracy with which that
characteristic could be estimated from an observed record of
some stipulated length. Curves and tables are presented in this
paper to aid in setting such goals.

A streamflow characteristic as used in this paper is
a characteristic of a population of flows, at a given site,
of which the recorded flows are but a sample. Thus a
streamflow information system, such as that operated
by the U.S. Geological Survey, can only provide esti-
mates of streamflow characteristics; that is, estimates
of what flow may be expected in the future. These esti-
mates are obtained either by analysis of the streamflow
data collected at a specific site or by analytical methods,
such as correlation and regression, that are used to
extend or transfer streamflow information. Each esti-
mate necessarily has an error associated with it that
depends on the amount and kind of data and on the
analytical methods used.

The accuracy of streamflow information required for
specific uses, or a composite accuracy for all uses has
never been determined. Studies are only now beginning
that may eventually define the accuracy that will prop-
erly balance the cost of obtaining additional data and
the project benefits accruing from streamflow informa-
tion of increased accuracy. Until such studies have
been made and evaluated, an interim means of setting
accuracy goals is needed. It is proposed here that the
accuracy goal for each streamflow characteristic be
set equivalent to the accuracy that could be obtained
from an observed record of some stipulated length. .

This paper contains curves and tables from which
the accuracy of streamflow characteristics based on
records of stipulated lengths can be obtained.

A streamflow characteristic is anything that de-
scribes the flow to be expected at a given site. The
50-year peak flow, 20-year low flow, mean annual flow,
mean monthly flow, and the standard deviation of the
annual and monthly flows are examples of such char-
acteristics. Streamflow characteristics can only be esti-
mated ; their true value can never be determined be-
cause there is a time-sampling error in every record
of streamflow and a model error in every analytical
method.

In this paper, the time-sampling errors of streamflow
characteristics estimated from gaging-station records
are computed using standard statistical methods and
assuming no serial correlation between the annual oc-
currences. The measurement error in determining the
discharge of the annual occurrence has been neglected
as it is usually small in relation to the time-sampling
error and, consequently, has only a minor effect on
total error.

In the evaluation of the accuracy of streamflow char-
acteristics given in this paper, the standard error of
estimate of the characteristic is used as a single-valued
index of accuracy. When the standard error of esti-
mate is thus used, the reader should understand that
only 68 percent of the estimates of that characteristic
are within one standard error, plus or minus, of the
true value. On the basis of theory of errors, he may
also understand that about 95 percent of the estimates
are within two standard errors of the true value, and
that about 99.7 percent of the estimates are within three
standard errors.

ACCURACY OF THE MEAN

The standard error of the mean of any item of
hydrologic data can be obtained from the standard
deviation of the annual occurrences of that item by
the formula SE=SD/y/N in which SE is the standard
error of the mean of the events, SD is the standard
deviation of the annual events, and N is the number
of events. The standard error of the mean in percent
of the mean is given by
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100 SE_100 SD__100 C,
X XN N’

in which C,, equal to SD/X, is the coefficient of varia-
tion and X is the mean of the annual events. This
relation holds for all distributions. (The coefficient of
variation is a dimensionless index of variability that
allows the variability at several locations to be com-
pared. It can also be averaged as a measure of regional
variability.)

The relation between O, and the standard error of
the mean, in percent, is shown in figure 1 for five
selected values of N. If, for example, the coefficient
of variation of the annual discharge is 0.3, the standard
error of the mean annual discharge based on 10 years
of record is shown in figure 1 to be 9.5 percent.

If the logarithms of independent annual events,
such as monthly or annual mean flows, are normally
distributed, the coefficient of variation of the events
can be estimated from I, the standard deviation of
the common logarithms, by the relation

C,2=exp|(2.3026 1,)2]—1,

which is adapted from an equation given by Chow
(1964, p. 17). Values of C, for selected values of I,
based on this relation are given in table 1.

TABLE 1.—Relation belween standard deviation of the common
logarithms, I,, and the coefficient of wariation, C,, in a log-
normal distribution

I, C, I, C, I, C,

0.32.___.. 0.849 || 0.58._.___. 2.22
5. 7 S . 920 60______. 2. 40
36 . . 994 62 . ____ 2.58
B8 ... 1.072 64. ______ 2.78
A40______ 1. 155 66_____._ 3.01
42______ 1.24 68 ... 3. 26
44 ______ 1.34 J0_ oL . 3.53
46______ 1.44 T2 L. 3.82
48_ . ___ 1.55 B (S 4.15
50 ... 1. 66 6. 4.51
52.. ... 1.78 g8 . 4.91
54__.._. 1.92 80 _____ 5. 36
56..____ 2. 06

ACCURACY OF THE STANDARD DEVIATION

The accuracy of the standard deviation for normal
distributions of annual events is discussed first, and
then by analogy the resulting equations are applied
to log-normal distributions. These expressions for the
accuracy of the standard deviation are later used in the
computation of the accuracy of an estimated T-year
event.
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STANDARD ERROR, IN PERCENT
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COEFFICIENT OF VARIATION,C,,.
OF ANNUAL EVENTS

Froure 1.—Standard error of mean annual or mean
monthly flow. Parameter, N, is number of years of
record. Standard error of the standard deviation,
SEsp, for samples from a normal population is shown
on parameter line. .

For samples drawn from a normal population of
annual events, the standard error of the standard
deviation is given by

SEgp= ‘/‘%V,

in which ¢ is the standard deviation of the population
and N is the number of annual events in the sample.
Using SD, the standard deviation of the sample, as
being the best estimate of the population, standard
deviation gives SEsp,=8D+/2N. As the ratio SEsp/SD
given by this equation is constant for a given N,
the evaluation of SEs, in terms of SD can be shown
along the five lines in figure 1. As indicated in this
figure, the SE;;, for a given N is obtained by multiplying
the given constant by the standard deviation of the
annual events; SEg, in percent is 100 times the given
constant.

For log-normal distributions, the standard error of
the logarithms, I,, can be substituted for SD in the
equations for normal distributions, and the resulting
standard error of the standard deviation, SEj,, will
be in log units.

The coefficient of variation, C,, is another commonly
used measure of variability. If C, is defined as SD/X,
the standard error of C, for samples from normal popu-
lations is given by
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G, J1+2C2
E — 0.
SE,, BN

In this paper, C, is used as a measure of variability
of untransformed data, and 7, is used when a logarithmic
transformation is applied to the data.

ACCURACY OF AN ESTIMATED T-YEAR EVENT

The standard error of a T-year event, such as the 10-
year flood, estimated from a record of annual occurrences
depends on the type of distribution, the error of the
mean event, and the error in the slope of the frequency
curve (the standard deviation is a measure of the slope).
It is evaluated here by adding the variance due to error
in slope to the variance of the mean event. This evalu-
ation purports to give the standard error of T-year
events based on samples of size N drawn from a normal
population of known standard deviation. The magnitude
of such T-year events would, of course, be computed
from the mean and standard deviation of each sample,
but the appraisal of their accuracy can be based on the
standard deviation of the population, which is assumed
to be known.

For samples from a normal population, the accuracy
of estimated T-year events depends on the accuracy
of the computed mean and of the computed standard
deviation of the annual events in the sample. For
a normal population of known standard deviation, the
standard error of the sample mean equals ¢/4/N and the
standard error of the sample standard deviation equals
¢/4/2N as discussed in the preceding sections. The
variance due to error in slope at a point that is &
standard deviation units from the mean may be com-
puted as (ko/4/2N)?; tables of % values for a normal
distribution are given in most statistical texts. By
adding the variance of the mean event, (¢/4/N)2, to
the variance due to slope we obtain

R CORCIREE S

in which SE,, is the standard error of the T-year
event in the same units as o.

For samples from a log-normal population, the
standard deviation of the logarithms, I,, can be sub-
stituted for ¢ to obtain

1--£2/2
SE’:,,=L\/ N/’

in which £ and NV are the same as for normal distribu-
tions and SE,,, the standard error of the T-year event,
is in log units. This expression for the standard error
defines the relations between variability of the annual
events and the standard error of 2-, 10-, 20-, and 50-
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Ficure 2.—Standard error of median and of 10-year event
for log-normal distributions of annual events. Param-
eter, NV, is number of years of record.
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Ficure 3.—Standard error of 20- and 50-year events for
log-normal distributions of annual events. Parameter,
N, is number of years of record.

year events for selected lengths of record that are shown
in figures 2 and 3.

The ordinate scales of figures 2 and 3 show the
standard error in log units, and auxiliary ordinate
scales show the standard error in percent. For a given
number of log units, the standard error in percent is
the average of the positive departure in percent and
the negative departure in percent. The relation be-
tween log units and percentage is shown in table 2.
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TABLE 2.—Relation between log units and percentages

Percentage Percentage
Log units Log units
Plus Minus Aver- Plus Minus Aver-
age age
0.01._____ 2.3 2.3 2.3]0.16._..-_ 44.5 30.8 37.6
02 __. 4.7 4.5 4.6 JA7._.___ 47.9 32.4 40.1
03 .. 7.2 6.6 6.9 .18 _____ 51.4 33.9 42.6
04 _____ 9.5 88 9.2 .19._____ 54.9 35.4 45.1
05 ___ 12.2 10.9 11.6 20.___.__ 58.5 36.9 47.6
06._____ 14.8 12,9 13.9 || .21._____ 62.2 38.3 50.2
07 . 17.4 14.9 16.2 | .22______ 66.1 39.7 52.8
08.____ 20.2 16.8 18.5 | .23______ 69.8 41.1 55.4
09 23.1 18.7 20.9 | .24______ 73.8 42.5 58.1
A0 25.9 20.6 23.2 | .25._.__._ 77.8 43.8 60.8
S B 28.8 22.4 25.6 || .26._____ 81.9 45.0 63.5
A2 31.8 24.1 28.0 || .27 _____ 86.2 46.3 66.2
IS 1 J 34.9 25,9 30.4 || .28._____ 90.5 47.5 69.0
Jd4 38.0 27.6 32.8 || .29.__.__ 95.0 48.7 71.8
B 1 41.3 29.2 35.2 || .30______ 99.5 49.9 74.7

Numerical values of the ratio SE,/I, are given in
table 3 for use in plotting working copies of the graphs
in figures 2 and 3. If the distribution of annual events
is normal instead of log-normal, the standard error of
the T-year event, in cubic feet per second can be com-
puted from the ratio SE,r/oe shown in table 3.

TaBLE 3.—Ratio of standard error of T-year events to standard
deviation of annual events for normal and log-normal distributions

[For normal distributions, figures in table represent SE: r/s, in which o is the standard
deviation of the annual events; for log-normal distributions they represent SE.r
7/I. in which I, is the standard deviation of the logarithms of the annual events]

Recurrence interval Length of record, in years
(vears)
5 10 25 50 100
2 o 0.447 0.316 0.200 0. 141 0.100
100 . .604 .427 .270 .191 .135
20 . 686 .485 .307 .217 .153
50 . .788 .558 .353 .249 .176

To obtain the standard error in percent for T-year
events based on normal distributions of annual events,
the standard error in cubic feet per second obtained
by use of table 3 must be divided by the average size
of the T-year event, which equals u+ko, in which u
is the population mean and ¢ is the population standard
deviation. As shown by Nash and Amorocho (1966,
p. 193), the standard error in percent could thus be
related to C,, the coefficient of variation of the annual
events, in which case the entries in table 3 multiplied
by 100C,/(1+kC,) give the standard error in percent.
Values of k£ for normal distributions are given in most
statistical texts.

For log-normal populations, the standard errors in
log units obtained by multiplying the values in table
3 by I, can be used to define curves such as those
shown in figures 2 and 3 or they can be converted
into percentage by use of table 2.

If the population from which the annual events are
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drawn is neither normal nor log-normal and if it is
assumed to be a Pearson type-III distribution of
known coefficient of skew, the standard error of T-year
events can be computed by the following equation:

SE,T=2LN Vb2 +2.828 rbk+2,

in which b?=(0.75024-1) varies with C;, the coefficient
of skew, k is from Harter’s (1969) tables, and r is the
correlation coefficient of the sample means and sample
standard deviations. This equation is based on the
equation for variance of the standard deviation given
by Kendall (1952, p. 224) and the relation between 8,
and B, given by Elderton (1953, p. 57) for a Pearson
type-III distribution. Values of r for use in this equation
have been determined by sampling to be about 0.3 for
O, of 0.5, 0.5 for C; of 1.0, and 0.65 for C; of 1.5. For
negative skew coefficients, values of » are opposite in
sign to those for the corresponding positive skew
coefficient. For log-Pearson type-III populations, I,
the standard deviation of the logarithms of the annual
events, can be substituted for ¢ and the coefficient of
skew of the logarithms for C;; the resulting SE,, will
be in log units.

The error equation for Pearson type-III distributions
is not evaluated here because in most regions and for
most streamflow characteristics the standard error of
T-year events obtained by assuming a normal or log-
normal distribution will be sufficiently accurate for the
proposed uses described in the next section.

USE OF THE RELATIONSHIP CURVES

It is obvious from figures 1, 2, and 3 that any ap-
praisal of the accuracy of streamflow characteristics
obtained from a gaging-station record requires that an
index of variability of the population of annual events
be known or assumed. Thus the index of variability
used to enter the curves should preferably represent
an average for a region.

Average indices of variability (C, or I,) for annual
streamflow events in two separate regions have been
used to obtain the standard errors for 25 years of
record shown in table 4. Where appropriate, the type of
distribution assumed for the population of annual
events is shown by a letter symbol after the variability
index. The standard errors for the first two character-
istics in each region were obtained by entering the 25-
year curve in figure 1 with the indicated O, (the
type of distribution is immaterial). The standard
errors for the third characteristic were determined
directly from the note along the 25-year curve. The
standard errors for the remaining characteristics were
determined by entering the appropriate 25-year curves
in figures 2 and 3.
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TABLE 4.—Standard error of selected items of streamflow information obtained from 25 years of record in two regions

[C, is coefficient of variation of annual events, I, is standard deviation of the logarithms of the population of annual events, LN indicates a log-normal distribution]

Potomac River basin Part 8 in Texas

Flow characteristic

Variability index

Standard error Standard error

Variability index

Log units Percent Log units Percent
Mean annual __ _ _ e __ C,=0.3 ____.____ 6 C,=07  ________ 14
Mean monthly. . ____ ... C,=.8  ________ 16 C,=1.4  _____.__ 28
Standard deviation of annual and monthly means__________________________________ 14 o ___. 14
50-year flood__ __ . _____ o _____ I,= .22 LN 0.078 18 I,= .31 LN 0.11 26
Median annual 7-day low__ . ____________.._. I,= .20 LN 040 9 I,= .47 LN . 094 22
20-year 7-day low____ o ___ I,= .20 LN 061 14 I,= .47 LN . 144 34

The variability indices for the 50-year floods shown
in table 4 were obtained by plotting regional flood-
frequency curves (peak in ratio to mean annual peak)
for each region on log-probability paper and estimat-
ing an average /, from the slope of the curves. The
indices for the other items are the averages of those
computed for the annual events observed during the
period of record at several stations in each region.
(The distribution of the logarithms of the annual 7-day
low flows at several gaging stations in Texas appears
to have a skew coefficient of about —1.0, but for the
purpose of this appraisal were used as being log-
normal). The variability of the monthly means in each
region represent the average monthly C, at several sta-
tions. Tables similar to table 4 could be prepared for
other lengths of record by using the appropriate curves
in figures 1, 2, and 3 or the appropriate ratios in table 3.

Results such as those shown in table 4 can be used
to appraise the results of analytical methods, such as
regional regression analysis of streamflow characteris-
tics and hydrologic parameters, in terms of equivalent

length of record. In addition, the standard errors pro-
vide realistic guides for use in planning surface-water
information programs in that they show the accuracy
that could be obtained with a feasible length of record.
The question of what length of record to use in setting
accuracy goals for various classifications and size of
stream is outside the scope of this paper.
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RELATION OF THE MANNING COEFFICIENT TO MEASURED
BED ROUGHNESS IN STABLE NATURAL CHANNELS

By J. T. LIMERINOS, Menlo Park, Calif.

Prepared in cooperation with the California Department of Water Resources

Abstract.—The purpose of this study was to find an objective
method of determining basic values of the Manning roughness
coefficient, n, in channels with coarse bed material. Data used
in this analysis were obtained from 50 current-meter measure-
ments of discharge and appropriate field surveys at 11 sites on
California streams. Characteristic bed-particle sizes, including
the 16-, 50-, and 84-percentile sizes, for both minimum and
intermediate axes were used to find the best relation between

n
the roughness parameter, R (where R is the hydraulic radius),

R
and relative smoothness: E (where d is a characteristic bed-

particle size). The relations best fitting the field data were
obtained when the characteristic particle size was either the
84-percentile (ds,) or a weighted composite size (d,). Percentage
differences for the 50 observed and computed values of n in-
volving either ds; or d,, had a standard deviation of about 19
percent. The form of the derived equations, using dy; or d,,, was
virtually identical with theoretical equations presented by
Chow in 1959 and Vennard in 1961 and with an equation derived
from field data by Leopold and Wolman in 1957.

The Manning roughness coefficient, n, is an index of
the resistance to flow in a channel, and as such, is an
important element in many types of hydraulic compu-
tations. In streams with relatively stable boundaries
the resistance to flow results from the interaction of
many elements. Among them are particle size of
streambed material, bank irregularity, vegetation,
channel alinement, bed configuration, channel obstruc-
tions, converging or diverging streamlines, sediment
load, and surface waves. With our present knowledge
the quantitative effect of most of these factors is not
determinable and must be estimated subjectively.

In many channels, however, streambed particle size
exerts a major influence on the flow. Fortunately, the
quantitative effect of this factor can be determined
more accurately than most of the other parameters

involved in resistance to flow. Engineering knowledge
would be increased if an objective relation between
Manning’s n and streambed particle size could be
shown. The purpose of this study was to derive such
a relation. An objectively obtained value of the Mann-
ing coefficient was sought based only on the size of the
streambed particles in a relatively straight uniform
channel. This value of n could then be adjusted for any
of the other flow-retarding effects mentioned in the
preceding paragraph, in the manner described by Chow
(1959, p. 101-113).

The retarding effect of a particle of given size is
relative; it will have greater retarding effect on shallow
flow than on deep flow. Therefore, instead of directly
using the particle-size index, d, in this study, it was
combined with the hydraulic radius, B, in the term,

% to provide an index of relative smoothness. The

n
parameter

7 rather than n, was used in this study
because it is directly proportional to the square root of
the Darcy-Weisbach friction factor, f, which is more

widely used in theoretical studies of hydraulic friction.
R.

Thus the relation sought was one between 1—;"75 and T
This course of action was consistent with that taken
by the more recent investigators of friction in open
channels.

Separate analyses involving characteristic particle
size were made for two of the three diameters of a
particle. The minimum diameter of the streambed
particles was used in the study because a particle at
rest on the bed invariably has its minimum diameter
in the vertical position; that diameter is, therefore, the
most representative measure of roughness height. The
intermediate diameter of the streambed particles was
studied because that is the diameter most easily meas-
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urable—either by sieve analysis or by photographic
techniques—and is the diameter that had been used in
previous studies by other investigators. The maximum
diameter was not considered, it being the least effective
of the three diameters, as a measure of roughness; the
bed particles usually orient themselves so that the
maximum diameter or axis of each particle is parellel
to the streamlines.

BASIC DATA

Fifty current-meter measurements of discharge and
appropriate field surveys were made for the purpose of
computing the Manning roughness coefficient, n, from
the equation

1.486AR?381/2
=" ¢))
Q

where

A=cross-sectional area,

S=energy slope, and

@=discharge.
The 11 study reaches used in this investigation were
located near Geological Survey stream-gaging stations
because facilities for measuring discharge by current
meter were available at the stations. Seven sites are on
streams in north coastal California, and the other
four sites are on streams draining the west slopes of the
Sierra Nevada. The test sites were selected to give a
wide range in average size of bed material, and the
discharges and surveys were made at such times as to
provide data covering a suitable range in stream depth.
All discharges tested were in the tranquil range, their
Froude numbers being less than unity. The maximum
discharge used at the various sites was that equivalent
to a flood of about 1l-year recurrence interval, but
the ratios of depth to vertical height of streambed
particles of median size reached values as high as 300.
Because values of Manning’s n—not to be confused

with the roughness parameter, l—g—,g—show little change

with ratios greater than 30, the stream depths used in
this study cover an adequate range.

The most important criteria in selecting a site for
study was that it be relatively free from velocity-
retarding influences other than those associated with
the size and size distribution of streambed particles.
The spacing and spacing pattern of roughness elements
have an effect, of course, but were given no considera-
tion in site selection. It was expected that the use of 11
sites would randomize the effect of natural particle
spacing on the velocity. Sites that had an appreciable
percentage of particles smaller than about three-quar-
ters of an inch in diameter were, in general, eliminated
from consideration to avoid the complication of having

SURFACE WATER

bed forms at a site—ripple, dune, or plane bed—that
varied with discharge.

In other words, a basic value of the Manning coeffi-
cient was sought, that is, one that could be related to
streambed particle size alone. Therefore, the following
additional criteria were used in site selection:

1. Straight channel alinement with little increase in
width in the downstream direction.

2. Minimal vegetation on the banks and in the channel.

3. Stable banks and bed, both devoid of major irregu-
larities.

4. Relatively wide stream of simple trapezoidal shape
that will contain the entire discharge without
overflow.

Because the roughness parameter 'RZLITG was to be re-

lated to characteristic bed-particle size, it was neces-
sary at each site to (1) sample the bed material objec-
tively, (2) obtain a cumulative frequency distribution
of the dimensions of the particles, and (3) select sizes
for study that corresponded to some predetermined
percentiles of the distribution.

The sampling procedure used was patterned after the
Wolman (1954) method. In each reach a grid system
was established in the transverse and longitudinal di-
rection of the channel to obtain 100 intersections. The
streambed particle at each intersection was then meas-
ured along the implied minimum and intermediate
diameters. Individual cumulative frequency-distribu-
tion curves were fitted graphically on logarithmic
normal probability paper for the minimum and inter-
mediate diameters of each sample of 100 particles.
The three characteristic dimensions of streambed par-
ticles selected for study from the curves were those
corresponding to the 16 percentile, 50 percentile
(median), and 84 percentile. The 16 percentile (dis)
is a size that equals or exceeds that of 16 percent of the
streambed particles; the 84 percentile (ds,) is a size
that equals or exceeds that of 84 percent of the stream-
bed particles.

Basic data pertinent to the analysis that follows are
summarized in table 1.

RELATION OF ROUGHNESS PARAMETER TO
RELATIVE SMOOTHNESS

Before the basic data are analyzed, a discussion of
some of the previous investigations of channel resis-
tance coefficients will be helpful. For a comprehensive
report on such investigations, the reader is referred to

a report by Carter and others (1963).
The results of theoretical studies made in the past,

relating the roughness parameter, 1%, to relative
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TaBLE 1.—Basic data summary showing range tn values

Statistical size distribution of bed material

Hydralfxlic radius Manning Minimum diameter, d’ (feet) Intermediate diameter, d”’ (feet)
(feet) " 84 percentile, 50 percentile, 16 percentile, 84 percentile, 50 percentile, 16 percentile
d’u d’s d' LN [ "1
1.0-10.9 0.020-0.107 0.036~1.50 0.013-0.57 0.005-0.29 0.062-2.45 0.024-0.83 0.009-0.40

smoothness, - are not entirely consistent. The results

are basically similar in that they all show an inverse
relation between the roughness parameter and relative
smoothness, but there is usually variation in the form
of the relation. For reasons that will become evident
later, two theoretical investigations that showed
agreement will now be cited. Chow (1959) obtained
the following relation:

n 1

piE - p
BE 91910g 12'21%

)

@)

where
k=effective roughness height.

If we multiply numerator and denominator by 0.0926,
and substitute for log 12.2, its equivalent value, 1.086,
we obtain the equation

n _ 00026

o
B 5 91203 log % (2a)

Vennard (1961) presented the following equation for
flow in pipes:

1/_ pipe dlameter) (3)

1.144-2.0 log (
where

J=Darcy-Weisbach resistance factor.

0926

1
If we substitute for 1—/‘} its equivalent, 0 , we obtain

Rl /6

n 0.0926

Rl/6=1 14420 log (pipe diameter)
. . —

(3a)

Field corroboration of the theoretical relations has
usually been hampered by the use of data that were
inadequate in quality because they were originally col-
lected for other purposes, or because the data were in-

sufficient in quantity. Even with adequate data, com-
plete agreement between field results and those derived
from theoretical studies or laboratory experiments is
not to be expected. Two reasons for this are: (1) The
theoretical and laboratory-derived relations are predi-
cated on the condition of uniform size and distribution
of channel roughness elements—a condition that never
exists in natural channels, and (2) complete freedom
from the many velocity-retarding influences other than
the size distribution of streambed particles cannot be
achieved in natural streams. However, one field study
particularly pertinent to this paper is that by Leopold
and Wolman (1957). They developed an empirical rel-
ation, based on field data, between the resistance factor,

. R . . .
f, and relative smoothness, 7 the characteristic particle

size used being dss referred to the intermediate diameter.
Their equation was

1 R
—==1.0+2.0log £, “)
Vf s
which can be transformed to
n _ 0.0926 (4a)

B 1.04+2.0 log ZlR';'
84

The agreement in the form of relation derived from
field data by Leopold and Wolman (equation 4a) and
the theoretical equations presented by Vennard for
flow in pipes (equation 3a) and by Chow (equation 2a)
is noteworthy because relations of similar form evolved
from the study being reported here.

Getting back to this study, the basic data referred to
in table 1 were transformed for analysis to the type of
data summarized in table 2. Corresponding values of
n and R were combined to give values of the roughness

n . .
parameter, zrgs corresponding values of d and R were

. . . R
combined to give values of relative smoothness, 7 The

two columns in table 2 showing relative smoothness in
terms of a weighted particle size, d,, will be discussed
later.

Six correlations of roughness parameter versus
relative smoothness were made by using values of d
corresponding to the 84-, 50-, and 16-percentile bed-
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TaBLE 2.—Summary of transformed basic data, showing range in values

Roughness parameter

Relative smoothness, %

le Minimum diameter, d’ (feet) Intermediate diameter, d”’ (feet)
B B B B B R B B
d’g d’s0 d’e @ s 5 27 "y,
0. 016-0. 093 1. 4-118 2. 8-327 5. 4-850 1. 8-163 0. 9-68 1. 9-177 4. 0-472 1.2-94. 4

particle sizes, referred to both minimum and inter-
mediate diameters. The following procedure was used
for each correlation. Values of the roughness para-

meter, TB% for each of the 50 discharge measurements

were first converted to corresponding values of
1
Vi

mic graph paper, the values of

1
R Vi
versus 7 were then plotted on semilogarith-
1
VI

dependent variable on the vertical natural-scale
ordinate. The best fit to the plotted points of each set
of data was a straight line that had an equation of the
form

Values of

being plotted as the

——1—=

Vi

where a and b are constants.
Equation 5 was then transformed to equation 6 below,

a-+b log 5)

by means of the relation between L and

n .
’\/.7‘ Rl/ﬁ'
n _ 0.0926
/6 ’
B a+b log%f

(6)

In all correlations except those involving only the 16-
percentile size of bed material, the constant b was
found to differ only insignificantly from 2.0, the
coefficient in equations 2a, 3a, and 4a. Where applicable,
therefore, the theoretical value of 2.0 was used as the

coefficient of log flj

The results of the correlations are given in table 3,
and the relation involving d’’s is shown graphically in
figure 1. None of the other curves of relation are shown
in this report because of space limitations, but they all
closely resembled that in figure 1, and the pattern of
deviations of the plotted points was similar in all cases
to that for the 84-percentile size.

For each of the relations obtained, the standard
error of estimate and coefficient of correlation were
computed. The standard error of estimate is in units of

R-Jz and, therefore, has very limited significance to the

engineer who is interested in the percentages by which
computed values of n differ from the observed values.
Therefore, percentage differences were computed for
each of the measured discharges. The percentage
differences associated with each of the relations were
found to be distributed about a mean value that
differed only negligibly from zero percent. Therefore,
the standard deviation of those percentage differences
was used as an index of error, because it showed the
approximate range within which the percentage differ-
ences for two-thirds of the measurements lay. The
standard deviation of the percentage differences was
the basis on which the equations were compared with
respect to their adequacy for predicting values of n
from particle size and hydraulic radius.

The three relations using individual characteristic
particle sizes ignore all other characteristics of the
distributions from which those individual sizes were
selected. To give consideration to the entire cumulative
frequency curve of particle sizes between the 84 and
16 percentiles, the 84-, 50-, and 16-percentile sizes were
weighted and combined into a single composite size,
d,. Other methods of considering the cumulative fre-
quency curve might have been used—for example,
the three percentile sizes might have been used in a
multiple correlation, or the slope of the cumulative
distribution curve might have been used by including
an additional term in the equation for either of the
84 d84

g— or = It was thought, however, that the
50 16

ratios,

most desirable course of action would be to maintain
the theoretical form of the equation, and consequently
a single weighted composite size was used.

Two weighting methods were used. In one method
each of the three percentile sizes was weighted in
inverse proportion to the square of the individual
standard errors of estimate listed in table 3. In perform-
ing that computation an adjustment was made to the
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TABLE 3.—Statistical summary of the correlations of %« versus R
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d

Minimum diameter, d’

Intermediate diameter, d’’

d784 dlso dll6 dlw d’l84 dllm d”lﬁ d"ﬂ!

Value of ¢ in equation 6______ 0.76 0 0. 25 0. 50 1. 16 0. 35 0. 10 0. 90
Value of b in equation 6. _____ 2.0 2.0 1. 33 2.0 2.0 2.0 1. 60 2.0
Coefficient of correlation..____ . 89 .76 . 65 . 87 . 88 .78 . 67 . 87
Standard error of estimate,

in units of s ---omomono . 0087 . 0120 . 0140 . 0092 . 0087 . 0117 . 0140 . 0092
Mean (algebraic) of percentage

differences . . _____________ —. 05 +.93 —. 41 +. 39 —. 43 +1.79 +1. 36 —. 26
Mean percentage difference

without regard to sign._____ 15. 1 18. 4 19. 9 15. 6 15. 5 18. 3 20. 6 16. 1
Standard deviation of per-

centage differences._____.___ +18. 6 +22.7 +25. 5 +19. 1 +19.0 +22. 4 +25.7 +19. 5

standard errors of estimate for the 16-percentile sizes,
because those standard errors would have been larger
had the theoretical coefficient (b) of 2.0 been used in
the regression equations involving d’;; and d”y. The
second method of weighting was based on a rank cor-
relation technique. The two methods gave results that
agreed closely, and after averaging and rounding of the
figures, the optimum weighting factors were found to
be 6:3:1; in other words,

dw=06ds4+ O.3d50+ 0 1d15.

Results of the correlations of %

R .
versus 77 are shown in table 3.
w

R q -
versus d_;a an F/—S

DISCUSSION OF RESULTS

In general, the observed values of E@,—s for each

individual site had a fairly consistent plotting pattern
with respect to all curves relating the roughness
parameter to relative smoothness. The observed values

n
of 1?176
curves, values for four other sites plotted below the
curves, and values for the remaining three sites
straddled the curves. That consistent pattern suggests
that systematic factors other than size of bed material
affected the roughness coefficients at the sites, and

for four sites plotted consistently above the

that a curve of relation for basic values of I—élf%—that is,

values based on size of bed material alone—should
perhaps be drawn on the basis of the lowest plotted

values of R?—"’ However, the 11 selected stream sites all

gave the appearance of being relatively free of extra-
neous roughness effects, and an experienced hydraulic
engineer viewing those sites would select n values on
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River test reach

L d
Austin Creek near Cazadero

=~

Kaweah River at Three Rivers
A

Van Duzen River near Dinsmore

|m}
Middle Fork Smith River at Gasquet

e
Merced River at Clarks bridge
near Yosemite

X
Cache Creek at Yolo

v

Outlet Creek near Longvale
A

Kings River below North Fork
=]

Van Duzen River near Bridgeville

©
Merced River at Happy isles
bridge near Yosemite

©
Middle Fork Eel River below
Black Butte River

Fiaure l.—Relation of roughness parameter to relative smoothness based on 84-percentile size of intermediate diameter,
d’’, of streambed particles.
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the basis of bed-particle size alone. If the curves of
relation are to be of practical value to engineers in
selecting n values in the field it is therefore, necessary
to assume, erroneously or not, that extraneous rough-
ness effects were negligible at all 11 sites and that the
scatter of all plotted points about the curves is random.

The possibility that some of the systematic scatter
might be due to the positioning of the coarser bed
material in individual reaches was also considered.
However, no relation was apparent; for example, of

ﬁ% plotted above the

curves of relation, one site had its coarser material
evenly distributed through the reach, two sites had
their coarser material concentrated along the centerline
or thalweg of the channel, and one site had its coarser

material concentrated in the shallower water near the
right bank.
R

The relations of o7 to  that best fit the field data

the four sites whose values of

were obtained using either of the two characteristic
particle sizes, dg or d, From the standpoint of best
fit there was negligible difference between using inter-
mediate or minimum diameter, but because of the
relative ease of obtaining measurements of intermediate
diameter—either by sieving or by photographic
methods—it is expected that the relations using
intermediate diameter will have more popular appeal.

It is not surprising that the larger particle sizes (ds,)
were shown to have greater effect on flow retardation
than the smaller particle sizes, because the influence of
the larger particles extends over a relatively greater
volume of channel. Furthermeore, the smaller particles
are often in the wake of the turbulence created by the
larger particles. Leopold and others (1964) have stated
that a single flow-resistance parameter involving bed-
particle size should use a size larger than dj,. Finer
particles in the channel also have a lesser retarding
effect during high flow because at that time they may
move as suspended or bedload material, although this
fine material is commonly replaced by the deposition
of material of similar size when the stage of the stream
falls. Large quantities of fine material in suspension
may also reduce the retardation effect by dampening
turbulence, but in this study the sites were so selected
that they were relatively free of bed material that was
as fine as sand.

Table 3 shows that the equations using dg gave
slightly better results than those using d,. The failure
of the use of d,, to improve the results obtained using
dgs is attributed to the fact that the pattern of scatter
of points about the curves was consistent, regardless
of the characteristic particle size used. Usually it is
found that if the pattern of scatter varies in individual

SURFACE WATER

correlations involving each of several elements of sim-

ilar type, an improved correlation results if a weighted

composite value of the individual elements is used.
The standard deviation of the percentage differences

between observed and computed values of l—g,g was

about 19 percent when dg, was used, and only slightly
more than 19 percent when d,, was used. The slightly better
results obtained by using dg, combined with the fact
that the computations using dg are somewhat simpler
than those using d,, makes the use of dy attractive.
It is difficult, however, to rationalize the use of dy
because of the implication that the distribution of
sizes is irrelevant and it matters not at all whether
84 percent of the bed material is sand or whether it
is large cobbles, as long as 16 percent of the material
is of greater size. Consequently, the author recom-
mends the use of d,, rather than dg, although there
was 10 unanimity of opinion on this recommendation
among his colleagues who reviewed this paper. The
reader is free to make his own choice between the use

of d84 and dw.
SUMMARY

A satisfactory relation was found between a rough-
‘ . R
ness parameter, %; and relative smoothness, 7

where d is a characteristic bed-particle size obtained
from a cumulative frequency distribution of the diameters
of randomly sampled surficial bed material. The investi-
gation was confined to channels with coarse bed
material to avoid the complication of bed-form rough-
ness that is associated with alluvial channels composed
of fine bed material. Because basic values of » were
sought—those attributable solely to the size and size
distribution of bed material—the sites selected for
study were relatively free of the extraneous flow-
retarding effects associated with irregular channel
conformation and streambank vegetation.

Three characteristic bed-particle sizes were in-
vestigated—the 84 percentile (ds), the 50 percentile
(dso), and the 16 percentile (d;5). In addition, a weighted
composite size (d,) was tested, using a weight of 0.6
for the 84-percentile size, a weight of 0.3 for the 50-
percentile size, and a weight of 0.1 for the 16-percentile
size. Best results were obtained using either dg or d,,
but it made little difference in the reliability of the
results whether the study was confined to the minimum
or to the intermediate diameter. The relations obtained
between F’}E and% were of the form

n 0.0926
R R

a+2.0 log 7



LIMERINOS

the only difference in the equations being in the values
of the constant a, which varied with size (dg, or d,,) and
diameter (minimum or intermediate) used. The above
equation is virtually identical with the theoretical
equations presented by Chow (1959) and Vennard
(1961) and that derived from field data by Leopold and
Wolman (1957).
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PRECIPITATION AND BASE RUNOFF,
BIG PIPE CREEK BASIN, MARYLAND

By FRANK W. TRAINER, Washington, D.C.

Abstract—Base runoff from a small river basin in the Pied-
mont province in Maryland was studied through hydrograph
separation during design of a study model depicting ground
water and base runoff in part of the Potomac River basin. Sub-
sequent base ranoff derived from individual storms, believed
to be approximately equal to ground-water recharge resulting
from these storms, ranges from 25 to 31 percent of the pre-
cipitation in February-April to 7 to 9 percent in July-September.
On the average, a given quantity of precipitation results in
three to four times as much base runoff during winter and
spring as during summer and autumn.

This report describes the relation between precipita-
tion and base runoff in a small river basin in Maryland.
The study on which it is based, a segment of a larger
investigation in the Potomac River basin, is part of
the design of a study model to depict ground water and
the base runoff of the streams.

Big Pipe Creek drains an area of 102 square miles
in the Piedmont province (fig. 1). It is tributary to
the Monocacy River, which in turn is the chief tribu-
tary of the Potomac River in Pennsylvania and Mary-
land east of the Blue Ridge. Topography in the basin
of Big Pipe Creek is gently rolling, with local relief
commonly less than 200 feet. About 60 percent of the
basin is underlain by metamorphic rocks, chiefly schists,
of late Precambrian(?) age; the remainder is under-
lain by gently dipping Triassic sandstone, conglom-
erate, and shale. In all these rocks, water is stored in
and transmitted through fractures. The bedrock is
covered by a mantle of weathered material, which in
many places is as thick as 50 to 75 feet. Water is
stored in and transmitted through intergranular pores
of this material. These two types of water-bearing
material form a single ground-water reservoir in which
the water probably is unconfined at most places. This
reservoir is hydraulically connected with the streams,
and ground-water discharge provides their dry-weather
flow.

The climate of this region is temperate and humid.
Although there are two principal types of precipitation
events—cyclonic storms and thundershowers—the pre-
cipitation is rather evenly distributed by months
through the year (fig. 2C). It averages about 41 inches
annually. Most of the precipitation is rain. Snow
commonly melts within a few days after it falls, so
that storage of water as snow is a relatively unim-
portant aspect of the hydrologic cycle. Evapotran-
spiration is low in winter but high during the summer.
The annual stream hydrograph is characterized by a
period of above-average streamflow in winter and
spring and a period of below-average streamflow in
summer and autumn. (Fig. 24, upper graph; for ex-
ample, during calendar year 1948 average daily dis-
charge was 140 cubic feet per second.) This general
form reflects annual changes in the ground-water stage,
and is thus indicative of ground-water storage (fig.
2B), which provides the base flow of the stream.

BASE RUNOFF

Base runoff is the part of the streamflow provided
largely or entirely by ground-water discharge. In this
region rains are typically frequent throughout the year,
and base runoff can be observed directly, as the total
streamflow, only during the longer rainless periods. In
the present study, base runoff was estimated by hydro-
graph separation, a subdivision of the stream hydro-
graph into components believed to represent different
parts of the subsurface-surface flow system. Numerous
methods of hydrograph separation have been used; all
are of necessity somewhat subjective and somewhat
arbitrary. (For examples, see summaries by Kudelin,
1949, chap. 2; and Dickinson and others, 1967, p. 26.)
The writer followed a graphical procedure based on
use of a curve showing ground-water depletion or
base-runoff recession (Horton, 1933; p. 449; Snyder,
1939, p. 728-730; Grundy, 1951, p. 215-216; American
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McQUIVEY AND KEEFER

port. Variations in the intensity of turbulence from
the trough to the crest of ripples may be used to ex-
plain in part the segregation of magnetite and other
heavy minerals behind the crest of ripples.

The relation between turbulence and hydraulic sort-
ing of minerals suggests this as a profitable research
area for separation techniques. It would seem feasible
to develop new precise hydraulic sorting techniques
using turbulence fields generated by grids or artificial
bed forms. By entraining sediment of the proper size

D247

in the turbulence field, it may be possible to sort the
size and density fractions by the variation of turbulent
shear stress.
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EXTRACTION OF DISSOLVED CARBONATE SPECIES FROM
NATURAL WATER FOR CARBON-ISOTOPE ANALYSIS

By JIM D. GLEASON, IRVING FRIEDMAN; and BRUCE B. HANSHAW,

Denver, Colo.; Washington, D.C.

Work done in cooperation with U.S. Army Research Office, Division of Environmental Research

Abstract.—The best method for separating the dissolved
carbonate species from natural water in order to determine the
5Ct3 value of carbon in the aqueous phase appears to be a direct-
precipitation method. This method consists of adding ammonium
hydroxide strontium chloride solution directly to the sample of
natural water to be analyzed. The strontium carbonate thus
formed precipitates, and is subsequently separated, dried, and
analyzed for its C® value. The ammonium hydroxide strontium
chloride solution can absorb carbon dioxide from the air; it is
therefore extremely important that both the water sample and
the prepared solution not be exposed to the air during handling
and filtration. Exposure for a few minutes will cause contamina-
tion and give incorrect 5C® values.

One of the principal methods used in the extraction
of total dissolved carbonate species from natural water
for C** age determination has been the gas-evolu-
tion method. In this technique (fig. 1), a sample of

Separatory funnel
for acid

Submersible
heater

|-Gas-evolution
vessel

Nitrogen
cylinder

N

|

1

- — Fritted glass
= — bubbler —

Fritted |-
glass -

bubblerg{_’-_

Gas washing bottle
with SnCl, + NH, OH

L

F1GURE 1.—Gas-evolution apparatus for extraction of dissolved
carbonate species from natural water.

between 55 and 200 liters (depending on the carbonate-
species concentration, Feltz and Hanshaw, 1963), con-
tained in a large plastic drum, is acidified with con-
centrated sulfuric acid. Pure nitrogen from a gas
cylinder is then slowly bubbled through the water.
The water sample is heated to approximately 70°C by
means of a submersible heater. The carbon dioxide that
is evolved during acidification is swept out of the water
with nitrogen gas. The gas mixture is then passed
through a gas washing bottle containing a concentrated
solution of strontium chloride in ammonium hydroxide.
Experiments have shown that one gas scrub captures
all the CO2; a second wash is not needed. The extrac-
tion of carbon dioxide from the water is continued for
not less than 4 hours. At the conclusion of this time,
the strontinum carbonate is allowed to age for several
days and is then filtered in a vacuum filter, dried, and
used for C** age determinations.

Usually, a small aliquot of the strontium carbonate
is used for C¥/C¥% analysis. C®/C'? values are gen-
erally reported in the familiar & notation where

13 12

8CB= 814812 :2’;?131:1‘ "] —1) 1,000. Carbon isotope
ratios are reported as deviations from the PDB standard
carbonate in parts per thousand (°/co). The 8C® so
determined is used in an adjustment equation (Pearson
and White, 1967) to take into account the amount
of “dead” carbon dissolved by the water during its
contact with carbonate-containing rocks.

Recently, we decided that the gas-evolution tech-
nique should be checked by the use of another
extraction technique to see if significant isotopic
fractionation was occurring during this procedure.
Accordingly, a number of wells were sampled in Florida,
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and the gas-evolution technique was carried out as
described on large-volume water samples. In addition,
a second method, direct precipitation, was also carried
out on 1l-liter samples.

In the direct-precipitation procedure, the strontium
chloride ammonium hydroxide solution is added directly
to the 1-liter water sample. The water sample is shaken,
and the strontium carbonate precipitate is allowed to
settle. After 24—48 hours, most of the water is decanted,
and the remaining strontium carbonate is collected on a
filter, dried, and used for isotopic analysis. Evidence
supplied from these 15 samples, as shown in table 1,
indicates that the C'3/C*? analysis of the precipitate by
the gas-evolution technique differs from the results of
the analysis carried out by the direct-precipitation
technique by approximately 2-6°/5o. Results of the
gas-evolution technique are invariably isotopically
lighter than those of the direct precipitation technique.

TaBLE 1.—Comparison of 8C* obtained by gas-evolution (G.E.)
and direct-precipitation (D.P.) techniques

[All ground-water samples from the Tertiary limestone aquifer of Florida]

Well location Comments §CBQG.E.—3CBD.P.=AsC13
Arcadia ... _.____ Gas evaluation —9.7 —81 416
trap=NaOH.
Groveland._ . ____________ [ T —10.8 —9.5 +1.3
Weeki Wachie Gas evaluation —15.7 —13.4 +42.3
Spring. trap=NH,0H.
Weeki Wachie —  _____ do_.___._. —10.6 —4.0 +46.6
No. 12.
Yeehaw Junction_ _______ doo.o______ —84 —53 +3.1
Fort Pierce_ _____ .8 —2.4 13. 4
Cocoa No. 12A__ .7 —89 429
Clermont.___________.____ .1 —10.0 +4.1
Frostproof . . __ .. __.____ 2 —88 444
Vero Beach_ _ . __________ 9 —3.6 +53
Arcadia..___________.____ 3 —81 +42
Container 3 —10.4 449
Corporation.
Fort Clinton_.._________ 5 —10.4 46.1
Sether_ . ___ .. __________ do 7 —10.2 +4.5
N. E. Florida State .____ do___.____. —146 —10.0 +4.6
Hospital.

Experiments were then performed with sodium
bicarbonate of known isotopic composition dissolved
in water along with CaCl, and MgSO; to produce an
artificial ground water. The dissolved carbonate species
was collected by both the gas-evolution and direct-
precipitation techniques. the 3C® results of the two
techniques carried out in the laboratory did not agree.
In addition, there seemed to be a large amount of
8C* scatter in samples from gas-evolution experiments.
The 3C* determined on direct precipitates agreed
fairly well with the 8C*® of the NaHCO; standard,
whereas the 3C® from gas-evolution samples varied
greatly and was always isotopically lighter than the
standard.
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Thus it seemed advisable to examine the problem
carefully and develop a technique that would give
reproducible results. We observed that a precipitate
forms in solutions of ammonium hydroxide strontium
chloride that are exposed even briefly to the atmosphere;
thus it seemed likely that contamination by atmospheric
carbon dioxide during filtration might be a contributing
factor in the differentiation of values.

Experiments were run exposing the ammonium
hydroxide strontium chloride solution and carbon
dioxide-free water to the air. It was found that as much
as 200 milligrams of SrCO; was formed after 6 hours
of exposure. This carbonate had extremely light §C'
values (—25%y). Experiments were also tried where
the solution was exposed to the atmosphere through
a very small opening. Approximately half as much
SrCO; was formed in a comparable time. This SrCO;
had heavier values (—7%).

The importance of even short exposure to the atmos-
phere during handling and filtration of samples had
not been taken into account previously. However,
atmospheric contamination was considered a possibility
for inconsistent values. Thus, a technique was sought
in which the sample could be filtrated and handled
without exposure to the atmosphere. Accordingly, a
large sample of water was boiled to remove atmospheric
carbon dioxide. Sodium bicarbonate of known isotopic
composition, together with other salts, was dissolved
in the carbon dioxide free water to simulate a natural
mineralized water. The direct-precipitation technique
was employed, and strontium chloride ammonium
hydroxide solution was added directly to the simulated
natural water. At various time periods after precipita-
tion, the water and precipitate were shaken and an
aliquot removed and filtered in a helium atmosphere
to avoid contact with air. Results in table 2 show that
the precipitate in all cases has exactly the same isotopic
composition as did the sodium bicarbonate that was
used to prepare the solution. One aliquot was filtered
in air using a vacuum filter and exposed to the air for
approximately 10 minutes. This sample was approxi-
mately 0.5 °/o, lighter than the remaining samples
(see table 2).

TABLE 2.—Aliquot samples of 6C® values from simulated natural
mineralized water at various times

Hours from start sC= Comments
0. . —6.4 Starting NaHCO; before SrCQ; precipi-
tation.
/A —6.5 SrCO; filtered out of contact with atmos-
phere.
—6.3 Do.
. —6.3 Do.
. —6.3 Do.
. —6.3 D

o.
—6.8 SrCoO; filtered in contact with air.
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From these data it could be concluded that one of the
major problems in the extraction and collection of
carbon dioxide from natural water is the problem of
uptake of atmospheric carbon dioxide by the ammonium
hydroxide strontium chloride solution during handling
and filtration. The absorption of atmospheric carbon
dioxide would be a particularly serious problem in ground
water that contains very little CO,. Craig (1953) has
also carried out experiments exposing strontium chloride
ammonium hydroxide solution to the atmosphere. He
has shown that the CO, extracted from the atmosphere
is extremely light; values of —25 to —35°/,0 were
obtained. This is in contrast to the C2/C® ratio of
atmospheric CO; which is approximately —7°/0. Craig
(1953) pointed out that kinetic factors are very apt to
cause large fractionation when air containing CO is
allowed to pass over an absorber. Therefore, great care
must be taken in all applications to exclude atmospheric
CO,.

Our results indicate that the direct-precipitation
technique gives correct isotopic compositions for 1-liter
water samples. This would suggest that direct precipi-
tation of total dissolved species from a large volume of
water sample would be the best method of collection
for radiocarbon work. To date, however, the direct-
precipitation method on large-volume samples has not

R
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been successful. This is due to kinetic problems and to
the coprecipitation of gelatinous flocs, principally of
magnesium and aluminum hydroxides, which settle
slowly and are difficult to filter. Therefore, our current
technique is to process a large-volume (enough to give
3 grams total carbon) water sample by means of gas
evolution for C* age dating. A 1-liter water sample is
prepared for §C® analysis by direct precipitation and
filtration in an inert atmosphere. If the ASC™ is large
between the two methods, then the §C' can be corrected
for fractionation during collection. The 6C* from direct
precipitation is also used in the adjustment equation
given by Pearson and White (1967).

Acknowledgment.—We thank Meyer Rubin and Her-
man Feltz for their comments.
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DETERMINATION OF MERCURY IN NATURAL WATERS
BY COLLECTION ON SILVER SCREENS

By MARGARET E. HINKLE and ROBERT E. LEARNED,

Denver, Colo.

Abstract—A method for determining nanogram quantities of
mercury in natural waters is described wherein mercury is
collected on silver screens immersed in samples acidified with
hydrochloric acid and the collected mercury is measured by
heating the screens in a mercury-vapor absorption detector. As
little as 10 nanograms of Hg in 100 ml of water can be de-
tected by this procedure. The speed and simplicity of this
method permit its use in hydrogeochemical surveys where
mercury is utilized as a pathfinder element.

For several years mercury has been used as a path-
finder element to assist in the location of concealed ore
deposits. Very small amounts of mercury have been
measured in soils and rocks in the search for anomalous
concentrations of mercury in mineralized areas and in
areas not known to be mineralized (Hawkes and Webb,
1962, p. 73; Hawkes and Williston, 1962). Warren,
Delavault, and Barakso (1966) found halos of mercury
anomalies in the vicinity of mercury deposits and near
base-metal, gold, and molybdenum deposits in British
Columbia. Samples from the Cortez district, Nevada,
showed mercury contents in direct correlation with
gold contents (Erickson and others, 1966). Geochemi-
cal anomalies for mercury match the silver anomalies
in the Tonopah and Silver Reef districts; in the Com-
stock district the mercury values are highest outside the
principal silver-gold area, indicating possible undis-
covered deposits (Cornwall and others, 1967).

Almost no use has been made of determination of
mercury in natural water as a prospecting technique.
The chief drawback has been the need to concentrate
the mercury in the water in order to measure the small
quantities present. Evaporation of the water or pre-
cipitation of metals from the water with hydrogen
sulfide has been used to concentrate mercury; both pro-
cedures are time consuming and subject to analytical
errors from sample loss or contamination. Small quan-
tities of mercury have been extracted from water sam-

ples with dithizone and similar complexing agents
(Lombardi, 1964 ; Beisova and others, 1965) ; however,
extraction methods require several reagents and sev-
eral steps in the sample treatment. X-ray (Marcie,
1967) and neutron-activation (Schutz and Turekian,
1965) analyses of mercury in water also require pre-
concentration of the mercury or extraction of the sam-
ple.

In the procedure described here, mercury is collected
from an acidified water sample by displacement of
silver in a silver screen. The screen is heated in a com-
mercially available radiofrequency induction furnace,
and the evolved mercury is measured in a mercury-
vapor absorption detector (Vaughn and McCarthy,
1964).

The detector is basically an atomic-absorption
instrument utilizing the 2537-angstrom line of mercury.
To minimize interferences, the vapor to be measured
is first passed over a silver amalgamator that is sub-
sequently heated; the mercury vapor thus evolved is
then passed into the absorption chamber of the
detector.

As little as 0.1 part per billion of mercury or 10
nanograms (1X10™® grams) in a 100-milliliter sample
can easily be detected. Larger or smaller sample
volumes can be used as desired.

EQUIPMENT AND REAGENTS

In addition to standard laboratory equipment such
as beakers and volumetric ware, the following items
are necessary:

Acetone

Hydrochloric acid, concentrated

Sulfuric acid, concentrated

Silver gauze screens, 2-inch diameter, 80 mesh
Shaking table

Screwcap jars for storing the silver screens
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Induction furnace, Leco model 523, operating at
14.6 megahertz
Vapor absorption detector

PROCEDURE

All glassware should be washed with 1:1 sulfuric
acid between runs. The silver screens should also be
cleaned between runs by heating in the radiofrequency
induction furnace.

Place 100 ml of the sample, containing less than
500 mg of Hg, or a suitable aliquot diluted to 100 ml,
in a 400-ml beaker. Add 10 ml of concentrated HCl
and a clean silver screen to each beaker. For aliquots
larger than 100 ml add 10 ml of concentrated HCI
for every 100 ml of sample and run blanks of cor-
responding volumes. Oscillate the beakers on the
shaking table for 1 hour. Then decant the sample
solutions and rinse the screens three times with
demineralized water and finally rinse them with
acetone. Place the screens in clean jars and allow them
to dry. When the screens are dry, cap the jars until
ready for analysis in the vapor detector.

Place a screen in the induction furnace and vaporize
the mercury. Then determine the nanograms of mercury
in the sample measured by the detector:

Mercury, in parts per billion

__nanograms of mercury in sample
sample aliquot in milliliters

DISCUSSION

Although the silver screens are routinely left in the
sample solutions for 1 hour, the displacement reaction
is complete within 30 minutes. The amount of mercury
recovered is unchanged when the screens are left in the
mercury solutions for longer times, even overnight.

Recovery of mercury was consistently 80-90 percent
of the mercury contained in standard solutions. The
same disparity in recovery applies both to solutions
prepared from mercuric salts and to solutions prepared
by adding mercury-saturated air to 1V HCL The low
recovery could be due to equilibrium between mercuric
ions and the silver screens or mercuric ions and the
glass beakers. The low recovery could also result from
the methods for calibration of standard water solu-
tions and of the mercury detector; standard solutions
were prepared from mercuric salts, whereas the vapor-
absorption detector was calibrated with different vol-
umes of mercury-saturated air. A calibration curve
may be prepared to accommodate this loss; the detector
may be calibrated by vaporizing the mercury collected
on silver screens immersed in standard solutions, and
assuming 100 percent recovery. However, instrument
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calibration by injection of mercury-saturated air is
more convenient than calibration by standard solutions
carried through the analytical procedure. For mineral
exploration, the consistent loss is not as significant as
are anomalies in mercury content among the samples.
Sulfate ion has a repressive effect on mercury re-
covery. Table 1 gives a comparison of mercury re-

TaBLE 1.—Effect of sulfate on recovery of added mercury

M%rgugy Mercury recovered from 100 m] (nanograms)
adde

A LAIM N . 1M Na,SO
(anograms) AL H0, honda  CUPES™ MESS:
50__.__ 47 45 23 44 51
100-_-._ 100 117 44 84 88
200..___ 191 200 110 189 154
400_____ 367 399 258 388 317
800.____ 814 469 545 746 558

covered from sulfate solutions with that from chloride
solutions; the values are averages of two or more runs.
The percentage of mercury recovered from sulfate
solutions more concentrated than 2 ng/ml of mercury
decreases when hydrochloric acid is absent.

Bromide-sulfate and iodide-sulfate solutions yielded
erratic recoveries of mercury. In general the mercury
recovery was highest with chloride, lower with bro-
mide, and lowest with iodide. Approximately 1¥ HCl
solutions gave the best recovery.

A composite mixture containing extremely high con-
centrations of ions found in some natural waters was
prepared to check the interferences possible in unusual
samples. The composite mixture contained the follow-
ing ion concentrations: 12 parts per million F; 2,045
ppm B; 15 ppm I; 430 ppm Br; 1,700 ppm SiO;; 460
ppm POy; 35 ppm NO;; 80 ppm Fe; 1 ppm Se; 50,000
ppm Cl; 102,000 ppm SO, ; 11,800 ppm Na; 78,700 ppm
K (Livingstone, 1963, tables 19, 20, 21, 22; White and
others, 1963, table 27). From 50 to 800 ng of mercury
were added to 100-ml portions of this mixture. Fifty
to seventy percent of the added mercury was recovered,
although some of the salts in the mixture were undis-
solved and in suspension. The lower mercury recovery
possibly is due to adsorption of mercury on the sus-
pended material.

Possible interferences from organic components of
natural waters were checked by adding 400 ng of
mercury to four amino acids. No change in mercury
recovery was found in solutions of 0.1/ alanine, 0.13/
methionine, 0.001/ cystine, or 0.0013/ cysteine.

During this investigation we found that mercury is
adsorbed on the sample bottles soon after sample collec-
tion. A water sample stored for 1 month in a poly-
ethylene bottle showed a tenfold decrease in mercury
concentration. The empty sample bottle was washed
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with 1¥ HCL. After four washings, each with fresh 1¥
HCI, the wash solution still contained significant quan-
tities of mercury which had been adsorbed on the
bottle. A new polyethylene bottle of the same brand
yielded no mercury after each of four equivalent wash-
ings. To test mercury adsorption on glass, three
natural-water samples from widely separated localities
in Arizona were collected in new acid-washed glass
bottles and stored 2 weeks before analysis. The empty
sample bottles were rinsed three times with demineral-
ized water, and the rinse water was discarded. The
bottles were then washed with 300 ml of 1V HCl. Each
HCI wash solution contained amounts of mercury that
demonstrate significant adsorption on the bottle; the
results are shown in table 2.

TaBLE 2.—Adsorption of mercury onio glass botiles from
natural-water samples

Mercury found (parts per
billion)

Sample
Water 1N HC1 wash
HL-1_ . .. 0.4 0.7
HL-2 e 2 .1
HL-8. oo oo 2 .1

Mercury also may be adsorbed on particulate or
colloidal material in a water sample. Three natural-
water samples were filtered by suction through 0.45-
micron Millipore papers, and the filtrate was analyzed
separately from the solids collected on the Millipore
paper. The mercury was concentrated on the solids
being transported by the waters; table 8 shows a com-
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added. The bottle could be oscillated on the shaking
table later in the day. The screen then could be re-
moved, dried, and sealed in a jar for analysis by vapor
detection at a convenient time.

RESULTS

The precision of the silver-screen method was tested
by repeated analyses of solutions containing various
amounts of mercury. Analyses were made on 0.1M/
sodium sulfate solutions to test mercury recovery from
sulfate concentrations which might be found in natural
waters (Livingstone, 1963; White and others, 1963).
The range of values, mean values, and relative standard
deviations are shown in table 4.

TaBLE 4.—Recovery of added mercury, 10 runs each

—_—

Mercury recovered Mean and Relative

Mercury added (nanograms) standard . standard

(nanograms) deviation deviation

High Low (percent)
50 .. 51 39 4543 6.7
200 ____ 218 163 193+17 88
400 __ 388 322 369+23 6. 2

Replicate analyses were made on nine natural water
samples. The results (table 5) are reproducible con-
sidering the small quantities of mercury present in the
samples.

TABLE 5.—Mercury found in natural-water samples

Mercury found
. Number  (micrograms Mean and
TABLE 3.—Comparison of mercury found in filtered and unfiltered Sample of runs per liter) Standard
water —— eviation
High Low
Mercury found (mean values in micrograms per liter) C7216 - oo 6 0.8 0.3 05+0 2
Filtered 8%17 _____________________ g % g 1 i 1 g:i: 8. g
- 18 o . . .6+0.
)l
Sample Filirate lNc];[n(‘};;iggsg :&ltlé?on Unfiltered C6544 2 '8 6 7x0.1
collected on Millipore 2 .6 .6 .60
ter 2 59 25 42417
C7216. ... ___ 0.1 0.5 0.5 4 . . .240.
Cr217_ o ___ 1 2.5 1.9 2 .2 .2 .240
C7218 . _._. <.1 .7 .6

parison of mercury content in filtered and unfiltered
aliquots of these samples. Well-mixed, unfiltered ali-
quots should provide the most representative sampling
of water for exploration purposes, as the mercury car-
ried in suspension may be more significant than the
mercury in solution in natural water.

A sample could be treated in the field to minimize
adsorption problems. A measured quantity of water
could be collected in an acid-washed glass bottle, and
an appropriate amount of HCI and a silver screen

To test the accuracy of the silver-screen method,
samples of natural waters were analyzed by this pro-
cedure and also by precipitation with hydrogen sulfide.
The sulfide precipitates were analyzed by the vapor-
absorption detector. On duplicate samples run simul-
taneously, H.S precipitation commonly yielded ana-
Iytical results with a tenfold spread between high and
low values. Table 6 shows comparative results of
analyses by the silver-screen method and by H:S
precipitation.
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TABLE 6.—Comparison of mercury found by stlver-screen method
and by H,S precipitation

Mercury found (mean values
in mi

crograms per liter)
Sample
Silver-screen H:28
method precipitation
C7216.. - e 0.5 1.2
C7217_ e 1.9 2.8
C7218 e .6 1.4
C6544. e .7 None
CB545. e 6 None
C6546. e 4.2 14

The silver-screen method is expected to be a useful
procedure for hydrogeochemical surveys where mer-
cury is utilized as a pathfinder element. Analyses are
performed simply, rapidly, and economically. Analysis
of samples larger than 100 ml will yield greater sensi-
tivity, but will require more equipment and will be
slightly more time consuming. For mineral explora-
tion, the relative differences in mercury concentration
among the samples are more important than absolute
amounts.
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DIFFERENCES IN SOIL CHEMISTRY INDUCED
BY EVAPORATION AND FLOW OF GROUND WATER

By REUBEN F. MILLER, Denver, Colo.

Abstract.—Soil samples from a drainageway between two
prairie potholes in North Dakota were analyzed to determine
if and how migration of water through and upward from the
saturated zone might influence the chemical composition of
water flowing from the upper to the lower pond. Water in
the unsaturated zone, that apparently achieves capillary equi-
librium during the night, subsequently drains back down each
day when equilibrium immediately above the water table is
disrupted by transpiration. The salinity of water draining
back to the water table is apparently increased as a result of
transpiration. The proportion of sodium to calcium and mag-
nesium in the water draining back to the water table is in-
creased as a result of ion exchange. These processes produce
an increase in both the salinity and proportion of sodium to
calecium and magnesium of water arriving at the lower pond
from the upper pond.

This investigation was conducted in conjunction with
a study to determine the hydrology of the prairie pot-
holes on the Coteau du Missouri in North Dakota
(Eisenlohr and Sloan, 1968). The study site is in Ward
County, in the NE1/ sec. 36, T. 152 N., R. 83 W, 9 miles
north and 3 miles east of the town of Max.

The purpose of this investigation was to determine
the influence of chemical processes in soil, under a
shallow grassed drainageway connecting two ponds, on
the chemical composition of water moving from the
upper to the lower pond. The upper pond contained
fresh water derived principally from runoff, whereas
the lower pond contained saline water.

Differences in soil chemistry, moisture stress, and
moisture-retention characteristics, both within and be-
tween the sampling sites (fig. 1) at the upper and
lower ends of the drainageway, were determined.

The soil at both sites was sampled in consecutive
vertical increments from the land surface to the water
table and, at the upper site, in consecutive lateral
increments just beneath the water table in the direction
of flow.

The proportions and quantities of soluble sodium,
calcium, and magnesium in individual soil samples

were measured so that patterns and modes of recurring
moisture migration through the soil could be defined
as described by Miller and Ratzlaff (1965). The
soluble calcium and magnesium in extracts from sat-
urated samples of soil (Richards and others, methods
2 and 3a, 1954) were determined by versenate titration
using Uni Ver, dry indicator-buffer-inhibitor powder,
and Hexa Ver CDTA, sequestering agent (manufac-
tured by Hach Chemical Co., Ames, Iowa).

Soluble sodium was determined with a Beckman
flame photometer. Total soluble Na + Ca + Mg is
reported as TSC (total soluble cations) in this paper,
and Na/Na 4 Ca 4 Mg X 100 is presented as SSP
(soluble sodium percentage). All ion concentrations
were computed as milliequivalents per liter of extract
from the saturated samples of soil.

Differences in levels of moisture stress in soil samples
at the time they were taken from the unsaturated zone
above the water table were determined using the filter
paper method of McQueen and Miller (1968). Disks
of filter paper (Schleicher and Schuell No. 589 White
Ribbon) were first treated with 3-percent reagent-grade
pentachlorophenol dissolved in ethanol and subse-
quently air dried. Pentachlorophenol was added to
the papers to prevent their decomposition by soil or-
ganisms. One disk of treated filter paper was placed
in contact with the top of each sample of soil in a
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Fiaure 1.—Profile showing locations of sites at which columns
of soil were sampled.
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metal container. The lid of the container was sealed
with plastic tape. Samples were then transported to
the laboratory and stored at 20°C for more than a
week to allow moisture equilibrium between the filter
paper and the soil. After equilibrium was achieved,
the filter paper was removed from contact with the
soil and placed immediately in an aluminum weighing
box, and the weight of the paper and the moisture it
contained was determined. The weight of the filter
paper was determined after drying it for 24 hours at
110°C.

The stress at which the moisture in each sample
was retained by the soil was then determined from the
moisture content of the filter paper. Moisture stress is
reported as pF, and pF values were computed using
relationships between pF and moisture content of filter
paper defined by McQueen and Miller (1968). When
the moisture content of the paper was less than 54
percent, pF = log,S = 6.24617—0.07234. When the
moisture content of the paper was greater than 54
percent, pF' = log;,§ = 2.8948—0.01025¥. S is the
moisture stress in centimeters; M is the moisture con-
tent of the filter paper.

THEORY

To interpret the data obtained from this investiga-
tion, it is essential to understand mechanisms of ion
distribution in soils, and how the mechanisms are in-
fluenced by the processes of moisture migration and
moisture removal from soils.

In previous work, Miller and Ratzlaff (1965) con-
cluded that patterns and modes of moisture migration
through soil can be interpreted from relationships be-
tween SSP and TSC in soil profiles. Migration of
moisture is more apt to leave a chemical imprint on
soil profiles during the drying process than during the
initial wetting process, because the drying process
occurs last and at a time when ions move in closer
proximity to exchange surfaces. Both the cation-
exchange and salt-precipitation processes can cause
progressive losses of multivalent calcium and mag-
nesium from solution, with concomitant gains in
monovalent sodium in the direction of moisture migra-
tion through soil. Resulting increases in SSP indi-
cate direction of moisture migration. Movement of
moisture as films closely adjacent to charged surfaces
can also result in a decrease in TSC values in the di-
rection of moisture migration. This process is called
salt sieving. Salt precipitation as a result of evapora-
tion can cause TSC values to increase in the direction
of moisture migration.

Because a water table was present under the two
soil profiles, it is essential to consider what influence
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moisture migration during the wetting process might
have on the chemical composition of the soil. Brooks,
Goertzen, and Bower (1958) found that during the
wetting process, sodic water can produce a progressive
decrease in SSP in the direction of moisture migration.
This is the result of mass-action displacement of multi-
valent ions from exchange surfaces by a continuing
supply of monovalent sodium ions. Kemper (1960)
also found that there is no salt sieving, and that ion
concentrations remain constant when water migrates
through clay at degrees of wetness that occur during
the wetting process.

It is also essential to understand the moisture-stress
levels that might be expected in soil profiles underlain
by a water table. McQueen and Miller (1968) report
that calibration of filter papers for stress levels below
0.21 bars was determined from field samples obtained
at known heights above a water table. A sampling pro-
gram conducted in conjunction with a study of water
use by phreatophytes on the Gila River in Arizona
provided data for calibration. Eighteen profiles were
sampled to the water table. Moisture stress in centi-
meters of water was determined from a tentative cali-
bration curve and the stress plotted against height of
sample above the water table in centimeters. Parts of
several of these profiles could be represented by straight
lines with similar slopes. The tentative calibration curve
was adjusted to make the slopes of these lines approach
a 1:1 relationship. The depths of the zero-stress inter-
cepts of these lines were compared with known depth
to the water table and were found to be in agreement.
The adjusted calibration curve agreed with the data
obtained with the pressure-plate assembly at 0.1 and
0.2 bars of stress. The intersection of the calibration
curve developed from data above a water table is near
the accepted “field capacity” moisture-stress levels of
0.1 and 0.3 bars. The abrupt change in slope of the
calibration curves when plotted on semilogarithmic
coordinates (fig. 2) represents a change in rate of
curvature that would be evident if the data had been
plotted by linear coordinates. This change in rate of
curvature probably represents a change in energy level
that occurs when gravity drainage or capillary migra-
tion upward from the water table is replaced by flow
of moisture films over soil surfaces.

A measure indicative of the relative amount of sur-
face available for adsorption and flow of moisture is
provided by the saturation moisture capacity of soil
samples. Stiven and Khan (1966) found that the SMC
(saturation moisture capacity) of soil increases as the
proportion of clay to silt and sand in the soil in-
creases. Most of the surface area in soils is provided
by clay and humus. Sand and silt provide much less
surface per unit of weight than clay does.
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IN PERCENT OF DRY WEIGHT

Ficure 2.—Relation of moisture stress, pF, to moisture
content determined for Schleicher and Schuell No. 589
White Ribbon filter paper treated with 3-percent
pentachlorophenol in ethanol.

RESULTS AND CONCLUSIONS

The results indicate that the salinity of water, mov-
ing through or over the soil in the drainageway be-
tween the two ponds, increases as a result of either
transpiration by vegetation or evaporation near the
soil surface. They also indicate that the proportion of
sodium as compared to calcium and magnesium also
tends to increase as a result of ion exchange.

To facilitate interpretation of the results, SSP, TSC,
pF, and SMC values obtained from the vertical part of
the soil profile of each sampling site are plotted against
height above the water table (figs. 3 and 4). The SSP,
TSC, and SMC values obtained from the laterally
sampled part of the upper site are plotted against dis-
tance in centimeters from the base of the vertical por-
tien of the soil profile sampled at the upper site. The

40
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drop in the level of the surface of the water table is
also illustrated (fig. 5).

Transpiration by vegetation apparently causes an
increase in the salinity of water flowing through the
soil in the drainageway between the two ponds. This
is indicated by TSC values that are about twice as
great for soil from immediately above the water table
at the lower site (fig. 4) as compared with equivalent
TSC values from the upper site (fig. 3). Removal of
water by transpiration from the capillary fringe above
the water table could account for the higher TSC
evident just above the water table in both profiles (figs.
3 and 4).

The observed increase in salinity could result from
ions being left behind when water is absorbed by roots.

Evaporation of water that migrates from the water
table to the surface of the soil in the drainageway could
also increase the salinity of the lower pond as compared
with that of the upper pond. This is indicated by
higher TSC values near the surface of both profiles
than in the soil beneath (figs. 3 and 4). Water flowing
over the surface of the drainageway would tend to
flush salts from the surface soil into the lower pond.

The water draining through the soil in the drainage-
way from the upper pond into the lower pond should
contain a higher proportion of sodium as compared to
calcium and magnesium, as a result of ion exchange.
This is concluded because SSP values in the soil im-
mediately above the water table are approximately
twice as great at the lower site as they are at the upper
sampling site. An increase in SSP with distance from
the base of the vertical soil profile at the upper sam-
pling site is also evident (fig. 5).

The observations of Miller and Ratzlaff (1965) that
SSP values increase in the direction of moisture migra-
tion apparently hold true at the sites sampled in this
study. This is demonstrated by the observed increase
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in SSP values in the direction of lateral flow from
the base of the column of soil sampled at the upper site.
There apparently was not a high enough proportion of
sodium to calcium and magnesium in the ground water
to displace calcium and magnesium from exchange
surfaces by mass action as observed by Brooks, Goert-
zen, and Bower (1958).

The lack of any discernible change in TCS in the
direction of flow, even though SSP values increased,
is in agreement with the findings of Kemper (1960).
He found that salt sieving, or decreases in ion concen-
tration, occurred only when moisture flowed in thin
films across clay surfaces. He also found that salt
sieving did not occur when moisture migrated by
gravity flow, or at lower tensions where capillarity
could occur.

Lateral flow in response to gravity across the 50-
centimeter reach at the upper sampling site would be
in response to a drop in head of approximately 1 centi-
meter whereas, vertical migration of moisture up into
the soil above would be in response to capillary stress
that would increase 1 centimeter for each centimeter
of height above the water table. This tension gradient
exists, however, only if capillary equilibrium has been

achieved.
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The dashed lines in figures 3 and 4 represent the
change in pF values with increasing height above the
water table at capillary equilibrium.

Vegetation in the drainageway apparently removes
water from the capillary fringe above the water table
during the day at a faster rate than the water can rise
from the water table. This is concluded because, in the
part of each of the two soil profiles closest to the water
table, pF values are greater than would be expected at
capillary equilibrium (figs. 3 and 4).

Capillary equilibrium is probably achieved during
the night when transpiration is nil, because, in both
soil profiles (figs. 3 and 4), the moisture nearer the
surface is adsorbed at lower tensions than the moisture
beneath, and pF values approach levels that would be
expected at capillary equilibrium. They are considered
to be a residual of conditions that existed the previous
night.

Withdrawal of water immediately above the water
table by transpiration of vegetation could destroy
capillary equilibrium and permit drainage to depth in
response to gravity. This is best illustrated by the
pF data from the lower site (fig. 4). Water imme-
diately above the depths at which withdrawal has ap-
parently occurred as a result of transpiration is present
at lower pF values than would be expected at capillary
equilibrium whereas, moisture in the soil nearer the
surface is adsorbed at higher pF levels. This indicates
that moisture held at pF values lower than equilibrium
is probably draining down in response to gravity from
the depths where pF levels are higher.

This daily eyclic drainage of water from the surface
toward the water table apparently results in the ob-
served increase in SSP values from the surface of the
soil toward the water table as a result of ion exchange.

The results also provide evidence that in the soil
just below the water table (fig. 5) the amount of
adsorptive surface present in the soil can have some
influence on chemistry. A measure of the relative
amount of adsorptive surface in soil is provided by its

R
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SMC. SSP values tend to decrease when SMC values
increase, and SSP values increase when SMC values
decrease. TSC values also tend to decrease and in-
crease as SMC values increase and decrease.

The observed changes in SSP, as the adsorptive sur-
face in soil varies, are more difficult to explain than
the observed variations in TSC values. It seems logi-
cal that more ions should be adsorbed per unit of soil
as the amount of adsorptive surface increases because
there would be more negative charge to attract posi-
tively charged cations. The increase in the proportion
of sodium in the soil as the surface area decreases, and
the decrease as surface area increases must be influ-
enced in some manner by the ion-exchange process.

An explanation of the observed differences would at
best be speculation. More research would be required
to explain the observed interactions between variations
in amount of adsorptive surface and the proportions
of monovalent and divalent ions in solution.
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TWO-DIMENSIONAL DISPERSION IN A GRANULAR-MEDIUM
DISK SOURCE EMITTING AT CONSTANT RATE

By AKIO OGATA, Honolulu, Hawaii

Abstract.—A solution of the two-dimensional differential
equation of dispersion from a disk source is developed utilizing
a point-source solution which appears frequently in heat-
transfer problems. Because of the complexity of the solution,
expressions applicable along a given axis (» = o and r = @)
were obtained to facilitate computation of the dispersion co-
efficients for a given laboratory test.

Two-dimensional dispersion in a granular medium
has not been studied in any detail owing to both
analytical and laboratory difficulties. In order to
characterize dispersion in a porous medium in direc-
tions transverse and parallel to the flow, the process
has been studied separately by employing simplified
mathematical models, as for example, Harleman and
Rumer (1962) and Ogata (1964). Because of the line-
arity of the differential equation governing the disper-
sion process this procedure is valid and values of the
coefficient obtained should truly represent the compo-
nents of the dispersion tensor. However, in study of
dispersion in the laboratory it is generally more diffi-
cult to construct models that represent transverse dis-
persion only. Thus, this study is directed toward the
development of expressions that may be readily cal-
culated in order to compute the components of the
dispersion.

The mathematical model assumes that tracer fluid is
discharged from a circular disk source into a porous
medium at a constant rate equal to the rate of flow
of the surrounding fluid. The solution of the differen-
tial equation is readily obtained when the point-source
solution is used. That is, because the equation is similar
to the heat transfer equation with the addition of the
convective transport term, solutions obtained in heat
transfer problems can be directly utilized.

TERMINOLOGY
The terms used in the analysis are defined as follows:
Co .

concentration
reference concentration

D,and D, _____ dispersion coefficient in directions
zand r

U interstitial velocity or Darcy velocity
divided by porosity

Ty Yy 2y T el dimensional coordinates

b time

Q. .. strength of source; rate of flow

@ . radius of the circular surface source

Jalw) o Bessel function of the first kind of
order n

Lo(x)y ... modified Bessel function of the first
kind of order n

erf(z)____.____ error function

erfe(x) ... ___ 1—erf(2)=complimentary error
function

J@ Yoo 1=at” [

O . uzf4D,

[ uw#(4D,

Yo . 4D.D,/u?

0 . @[y=a™u*/4D.D,.

DIFFERENTIAL EQUATION AND SOLUTION

Assume that a finite circular disk of radius e, located
at z=0, emits fluid of concentration C=C, into a
semi-infinite medium from time t=0 to {=t. The govern-
ing differential equation for dispersion in a undirec-
tional flow field, in cylindrical coordinates with radial
symmetry, is (Bachmat and Bear, 1964)

?2C  oC D, d [ 0 oC
Dot oo/ ~or W
where =22+ and u is the interstitial velocity. The
medium is assumed isotropic in regard to flow char-
acteristics; hence, the dispersion coefficient is depend-
ent only on direction and is independent of position
vectors Z and 7 and time ¢ (Bear, 1961; Scheidegger,
1961).
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If we substitute Z=z—ut and t=7 in equation 1
and rewrite ¢ for 7, the differential equation takes the
form

o’C, D, 0 (0C\_0oC
Dozt 7 o "or )Tt @

Equation 2 is the more familiar diffusion or heat-flow
equation for an anisotropic system. Solutions obtained
for the heat transfer problems are applicable since the
linear transformation Z=z—ut does not rotate the
frame of reference.

Since the problem is the same as that of a heat source
located at =0, the solution of equation 2 can be
obtained readily by using the expression for an instanta-
neous point source in an anisotropic medium. The ex-
pression for an instantaneous point source as given by
Carslaw and Jaeger (1959, p. 257, eq. 8) is

(z—2')*

Q
8(*#D,D,D,) e""{ # D,

)

For a moving source, Carslaw and Jaeger (1959, p. 266)
indicate that the coordinates (z,y,2—ut) may be used.
Hence, by writing the above equation in terms of
Z=z—ut and r’=z>+y* and also noting that because of
symmetry, D,=D,=D,, we can write the expression as

Q (z—-2'y
8(=#D,D 5" %P 4t D,
72 ’2__
+ +r D2rr»c<;>s 0]}

To obtain solution for an instantaneous disk source
the above equation needs to be integrated about 6 from
0 to 27 and » from 0 to @, or

¢ ex ( z )faex (_r2+r’2 r
8@eD,Dy” P\ "1Dz)), TP\ "D
2r 2rr’ cos 0)
— ) do’dr'.
fo exp (L5152 ,

The results of the two integrations are shown by Car-
slaw and Jaeger (1959, p. 259, eq. 5, and p. 260, eq. 9).
For the specific case of the instantaneous disk source
emitting with strength @=C, u from a source of radius
@, the solution is
go 2We p( wt)f 2T (\) Iy (@) d.
@)

Thus, if we replace Z by 2—ut and integrate expression
3 for all times between 0 and ¢, an integral equation
for a continuous source is obtained, that is
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22 u? (t—-r)
4D, (t—7) ]

G 2,/,1) P (217,) f exp

ﬁ P R 00) ) (M) “—_‘%—mdx.
When we substitute
£2=u? (t—1)/4D,, a=uz[AD,, f*=u*t4D,,
v2=4D,D,[u?,
the above equation is written

C_ 2ae™ f ! et
0

Gy A=

ﬂ "R (%) Jy (ah) dMdE.

This expression cannot be integrated without writing
the second integral in terms of an infinite series. This
procedure is extremely tedious, and the resulting ex-
pressions are too cumbersome to be used in analysis
of data. The expression, however, may be written in
two alternate forms which are useful in deriving ap-
proximate expressions. The first is obtained by noting
that (Goldstein, 1953)

1—J(z,y) =x1/2f 9—'J0(2T”2?11/2):]1(21'1/233”2)%,
0

Hence,

2% (6 a? 2
ag ) e i (G )l @

The J-function frequently occurs in diffusion and
heat-flow problems and has been tabulated to some
extent. .

The alternate expression is obtained by writing
equation 4 as

O _2ac™ f TN [Tearide-tigan. (5)
If we let {2=(1422y?)&, the second integral may be
-written

fﬂ Vl+12)\28_r2_a2(1+12x2) /rz _df____
0 VA+rY)

Horenstein (1945) indicates that the above integral
written in terms of the error function is

ﬂle""s -2 dﬂ=%e"2° erfe (g— )

Vr b )
Te""’ erfc (a+a'
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Hence, equation 4 may also be expressed as

oo f Ju(ro)Ti(ag)
{eXp (—z \/ 4%22-#%; §2> erfe (NLD?
‘/Z‘g +D, t;z) — exp (z \/4—%2+% ;2 erfe
(2¢g£pj+ \/Zg +D “)} \/ 41),1), ©)

These expressions, equations 4 and 6, may be eval-
uated by complex numerical integration since subrou-
tines of the Bessel function and error function are
available. The numerical computation would require
that estimates of the values of the dispersion coefficients
in one of the two directions be known, because of the
various groupings in which the terms D, and D, ap-
pear. However, for the purpose of evaluating the co-
efficients of dispersion using experimental data it would
be desirable to obtain simpler expressions. Thus ex-
pressions applicable to steady-state condition and along
7 =a and » = 0 are developed.

STEADY-STATE SOLUTION

For steady-state condition the concentration distri-
bution can be obtained from equation 6 by first noting
that

erfc (— ©)=2, erfc (»=)=0.

When we let 1/6=u a/2 Y¥D,D, and p=r/a, equation 6
reduces to

® _ dx
= [[7 exp [ 2001—vTF5) 1000100 o )

Here again no further reduction can be obtained.
Numerical integration can again be carried out by
writing the product of the Bessel function as a series
and integrating term by term.

A special case of interest is when D,—0. The term
4D.D N/u*a® becomes small; hence, the radical is
approximated by (1+48°23/2). Equation 7 becomes

d\
NER2Y

and for D,=0, the expression further reduces to

g f exp (22 W) TSN (8)

0

G [Temmronsn —2
0 0

Equation 8 is the approximation obtained by Ogata
(1961).
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CONCENTRATION DISTRIBUTION ALONG
r=oANDr=a

The expressions previously obtained are generally
cumbersome for use in the analysis of experimental
data unless restrictive approximations are made. More
readily computable expressions are obtained along the
axis of symmetry, » — 0 and » = a. It would be of
interest to first consider equation 4 from which ex-
pressions for steady-state condition can readily be
obtained.

The J-function has been studied in detail by
Goldstein (1953). A property which can be readily
established is that

J(z, 0)=e"".

Hence, substituting the above expression into equation
4 gives
O 8 2 2
a oxp (— =% ) [1—exp (~a?/4r'E)Mds.
00 0
(9

The integral fa exp (—n*—b*n?) dy appeared in
0

r=0

equation 5 and can be expressed in terms of the
tabulated error function. With the use of the relation-
ship the concentration distribution along r=0 is
given as

O 1 Pt (27— s e (12
Colr—o 2I:erf° (2\/th) e e o D
1 uz @D ]

-1 v (1 @D

g &P [(217, ( \/ 1+,

[erf (JW —ut)]

AN

(V—W +ut>]

(10)

erfc

For steady state, that is as t— o, erfc (— »)=2,
erfc (@)=0 and equation 10 reduces to

uz a’ D\
Colyoo 1 O%P [512 (1"w/ 1tz 5)]

When steady state is realized the concentration
distribution along r=0 is given by an exponential
function, equatlon 11, that can be easily calculated.
This expression mdlca,tes that when constant flow of
contaminant into the semi-infinite medium is main-
tained the concentration of the circular source at
z=0 is given by

C (11)
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g o_—_l—exp (—ua/2szDr)-
olr=

The expression indicates that the value of the con-
centration ratio at z=0 is unity only at smaller values
of D.D,. That is, for value ua/2yD,D, > 4.7 the con-
centration at =0 may be taken as C,.

The expression for concentration distribution along
r=a may be obtained by using equation 4. However,
no simplification is realized; therefore, only the steady-
state condition (where {— «) will be considered. It is
noted that (Luke, 1962)

J(z, ) =% [1 +e"2”‘I0(2z):];

which when we substitute it into equation 4 and let
B— e gives

0,=a=—% e[ “e"p( 27’2’)1"(27252)]‘15

G
1 e [° 0
). * 1 (o) e (2)
where #=a?*/\N'=a*u?*/4D,D,.

In order to evaluate the integral in equation 12 we
write (Erdelyi and others, 1953)

e~ Iy(x) =" (%;1 1 —2% J=e~ " Fy (%;1 ;2w)’

where ,F; (a; ¢; z) is the confluent hypergeometric
function. ,F; by definition is represented by

2 (@ m

lFl(a' b 22}) Z '(b) (23) ’

where (a)o=1, a,=a¢ (a+1) (a+2) ... (a+m—1).
Substituting the hypergeometric function into equation

12 gives
Y l_z’: —e-SE e (12)n
—C’; r=a \/_ ¢ m=0 m'(l)m(sz) df

If we change the order of summation and integration,
the above expression becomes

0 e_g!_‘ d'l)

l_ez“ =\ (1/2)m pom f
00 r=a .‘/;-ﬁv:o (77'&')2 8 0 Ezm (13)
The first term of the summation is
e2a @ a?+-02

7.: P dg-— exp (2a—2+vo2-+6%).

Furthermore, if we let 2=
13 becomes
2, ¢

The integral above is an integral representation of the
modified Bessel function of the second kind, that is

N the integral in equation

S g
)\m+1/2
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K, (az) ==% @ J; o5 G ;ljl

Re 220, Re (a?2)>0,

where Re 2 indicates the real part of z. Thus, equation
13 may be written in terms of the Bessel function or

Y =l [1— exp (2a—2 ya?+6%)]

—CTO r=a
K-y (2¢0?+6°). (14)

20 (1/2,) gom

'\/7" fouey | (m')2 (_‘/a2+02)m 172
Equation 14 is readily calcuated for any value of a?
and ¢ inasmuch as tables for the one-half order Bessel
function are available. In addition, the Bessel function
of the order one-half of an odd integer can be repre-
sented by an elementary function, that is,

1/2 -z n _ I‘(n+k+1
Kn+i (2) = (’2‘%) ¢ k‘?b' (22) kk’ T(nt+1— )IC)

The series, however, converges slowly for small values
of a2+62; for example, when 2 a2+ =5 the tenth
term in the series is of the order 2.5X107%. The series,
on the other hand, can be used effectively for o’ large
or 22 large. Furthermore, in instances where the argu-
ment of the Bessel function is very large, only the
first term in the series needs to be considered. Then
equation 14 becomes

c 11 0
| = 1+ exp (2a—2+a2+6%) (15)
Cotr=a 2 2 ( m)
or .
0
-COTO r=a:% _CTo r=0 ‘/T_’_? exp (2‘1"2\/0!2—'*_‘72)

Whenever equation 15 is valid, the dispersion
coefficient can be computed readily when used in
conjunction with equation 11. Computation of equation
14 is now being carried out. With its completion, data
reported by the author previously (Ogata, 1964) will
be reworked to determine the suitability of this ap-
proximation. In addition, solution for the boundary
value problem 0=} for 0< r < @ is being developed.
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DIFFUSION FROM A GASEOUS SOURCE IN A POROUS MEDIUM—
A FIELD AND THEORETICAL COMPARISON

By JOHN B. ROBERTSON, Idaho Falls, Idaho

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

Abstract—Small volumes of air containing a radioactive
krypton-85 tracer were injected into fine-grained sediments at
the National Reactor Testing Station, Idaho. Dissipation of
the Kr* gas away from the injection points was observed by
recording the gamma radioactivity in the holes. A mathematical
model was adapted from a heat-fiow analogy to estimate the
amount of molecular diffusion occurring in the system. The
observed field data match the theoretical diffusion curves
closely, indicating that most of the observed outflow was due
to diffusion.

The injection and movement of gases underground
are currently being investigated at the National Re-
actor Testing Station (NRTS), Idaho. Part of the
study involves the evaluation of natural influences on
gas flow through the unconsolidated surface sediments.
In a series of field tests, small volumes of air traced
with krypton-85 (Kr®®), a radioactive gas with a half-
life of 10.8 years, were injected into fine-grained playa
deposits and allowed to dissipate under ambient pres-
sure and temperature.

The observed dissipation was thought to consist of
two principal flow mechanisms—molecular diffusion
and convective mass flow. The objective of this study
is to evaluate the relative magnitudes of the two com-
ponents. Any convective flow in the system must be
due to buoyant effects or natural pressure gradients
created by changes in temperature, wind velocity,
barometric pressure, etc. The complexity of these
gradients makes the convective flow component difficult
to analyze quantitatively.

The theory of diffusive flow is well developed
(Crank, 1956) and the experimental conditions in this
study lend themselves to theoretical evaluation. This
paper summarizes the approach and results of the
diffusion analysis.

EXPERIMENTAL CONDITIONS

The tests were conducted in relatively fine-grained
sedimentary deposits of the Birch Creek playa, a dry
lake bed in the northern part of the NRTS. In the
test area, the sediments are about 40 feet thick and
are underlain by a thick sequence of basalt flows. The
material is relatively uniform, consisting of 90 percent
clay and silt. Four undisturbed samples, taken at
depths of 3, 4, 4.5, and 5 feet, had an average porosity
of 32.8 percent (ranging from 32.0 to 33.9 percent)
and an average bulk density of 1.82 grams per cubic
centimeter. Five other samples, collected at depths
of from 2 to 10 feet, had the following average char-
acteristics (range of values in parenthesis):

Moisture content=9.1 percent (7.3 to 10.7 percent)

Clay content (<0.004 millimeters)=48 percent (45

to 51 percent)

Silt content (0.004 to 0.0625 millimeters) =42 percent

(36 to 51 percent) and
Sand content (0.0625 to 1.0 millimeters)=10 percent
(2 to 13 percent).
These parameters showed no particular trends with
depth. Theoretically the molecular diffusion properties
of the medium depend primarily on its porosity and
moisture content and are not directly dependent on
permeability. These diffusional relationships are
described more thoroughly later in the text.

The data above indicate that porosity and moisture
content are rather uniform for the depths sampled.
Subsequent sampling in some nearby similar playa
sediments (about 3,000 feet away) displayed similar
uniformity from depths of 5 feet to 29 feet. The major
mineral constituents of these nearby samples were
mixed layered clays, illite, montmorillonite, quartz,
calcite, and hornblende. The sediments displayed a
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fine-grained horizontal platy structure and vertical
hairline fractures forming irregular prisms several
inches in diameter. Walls of trenches cut into the
sediments showed no evidence of conspicuous bedding,
although there were a few subtle transitions in sedi-
ment characteristics. The structural patterns together
with even the limited amount of bedding create heter-
ogeneous and anisotropic permeability conditions in the
sediments. However, because molecular diffusion is
not directly related to permeability, the medium can
be considered relatively homogeneous and isotropic in
its diffusion properties.

Four injection holes and two observation holes,
ranging in depth from 2.5 feet to 15 feet, were augered

('xoadde) 01
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(fig. 1). A metal cage was installed in the bottom of
each hole to maintain a cavity about 3 liters in volume.
The hole was then filled to the surface with expanding
cement. Figure 2 shows the construction of the injec-
tion holes. A Geiger-Miiller tube, previously installed
in the center of each cage, was used to measure radio-
activity of the Kr®. Each hole was equipped with a
thermocouple for temperature measurement and three
copper access tubes, Y4-inch inside diameter, for the
injection or removal of gas. A sealed pipe provided
access for the tubes and wires to the land surface.
Count rates and temperatures were recorded on digital
punch tape and later processed and plotted by a
computer.

Figure 1.—Cutaway diagram showing the arrangement of injection and monitor holes in the Birch Creek playa,
northern part of National Reactor Testing Station, Idaho.
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F1aureE 2.—Diagram of an injection hole.

Two tests were conducted; in each test, 3 standard
liters of air containing 1 microcurie of Kr® per liter
were rapidly injected into each of the four injection
holes. The detected diminution of radioactivity in the
four injection holes resulted from outflow of Kr®,
Similarly, any significant inflow of Kr% into the two
observation wells would have caused an anomalous
increase in activity above background. Test 1 had some
instrument failure and lacked sufficient control. The
evaluation described in this report is therefore re-
stricted to test 2, which was much more reliable.

SUMMARY OF DIFFUSION THEORY

A theoretical estimate of the diffusive flow which
should occur under the given field conditions can be
developed from the basic laws of diffusion. The diffusion
theory, as applicable to this problem, can be summarized

359-403 0—69——18

D267

by Fick’s first and second laws. The first law states
that the rate of transfer of a diffusing gas through a
unit cross-sectional ares is proportional to the concen-
tration gradient normal to the section:

ac

where F is the unit flow rate; ¢, the concentration of
diffusing gas; z, the normal direction; and D is the
diffusion coefficient. The diffusion coefficient is assumed
constant in this study but depends on the type of
diffusinig gas, the gas into which the first gas diffuses,
and the nature of the porous medium. In this study,
Kr® diffused into the air. Henceforth, the symbol D,
will be used to denote the diffusion coefficient of Kr®
into free air and D will denote the same property in the
porous medium.

Fick’s first law together with that for conservation
of mass yields the second differential equation of diffu-
sion (Fick’s second law),

éc &% | 6% , 8%

E_D (5—132-!-5;2-{- S‘z_z)’ (2)
where ¢ is time, and 2, ¥, and 2z are the three normal
coordinate directions. Solution of equation 2 will yield
the concentration, ¢, of the diffusing gas at any time,
¢, and any position (z, ¥, 2) in open space. Because a
porous medium contains less open space for the diffusing
gas to occupy (or less storage capacity) than a com-
pletely open medium, equation 2 must be altered to take
this factor into account. This alteration is accomplished
by dividing the diffusion coefficient by the gas-filled
porosity.

Although this porosity effect has been noted pre-
viously by others (for example, Penman, 1940), it has
been overlooked in many published studies; for this
reason, a more detailed explanation is presented here.
It was found that dividing the diffusion coefficient in
equation 2 by the porosity of the medium would
account for this effect. In a nonsteady diffusion system,
such as in this test, the concentration of diffusing gas
in a unit cube of porous medium (sediment) changes
with time. For example, assume that the concentration
increases from ¢, to ¢, in a given time; part of the
diffusing gas increases the concentration. The amount
expended depends on the magnitude of the increase and
the porosity of the medium. This amount can be
expressed mathmatically as concentration change times
pore volume of the cube, or

(ez—e) X0=A4, (3)

where 0 is the porosity and 4 is the quantity of diffusing
gas taken into storage within the cube. For a unit
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change in concentration, e¢;—e;=1. Therefore, the
quantity, A, expressed for a unit concentration change
per unit volume, would be A=1X0=6. It could also
be thought of as the amount of diffusing gas released
from storage per unit volume per unit decrease in
concentration. Thus, the rate of concentration change
in equation 2 would be amplified by the factor 1/8 for
porous media so that

so_D (o e i) @
ot 0 \ox? &y 822

The term D/0 will henceforth be referred to as diffu-
sivity, K. Equation 4 then becomes

=K

8% azc ac) )

6.752

For an open medium the porosity is equal to one and
the diffusivity becomes equal to the diffusion coefficient.
The solution to equation 5 will yield the concentra-~
tion of diffusing gas at any time, ¢, for any point
(%, ¥, 2) in a homogeneous isotropic, porous medium.
The nature of the solution depends on the initial and
boundary conditions of the particular system. Except
for very simple situations, obtaining a solution becomes
difficult. However, laws of diffusion flow are mathe-
matically analogous to those of heat flow (Crank,
1956). Fick’s first law (equation 1), for instance, is
analogous to Fourier’s law of heat flow,
e=—k. 5L ®)
where @ is the heat flux; k,, the thermal conductivity
of the medium; and §7/s,;, the temperature gradient
in the direction of flow. Equation 5 also has a heat-
flow equivalent. Solutions to a great number of heat-
flow boundary-value problems have been published
in a variety of sources. A solution to the subject diffusion
problem might be adapted, therefore, from an existing
solution of an equivalent heat-flow problem.

FIELD DIFFUSION CONDITIONS

The actual geometric boundary conditions in this
problem, although relatively simple, cannot easily be
duplicated mathematically. The process is further
complicated by its nonsteady state. However, with
certain simplifications, the boundary conditions can be
approximated in a form that lends itself more readily
to analysis.

First, the playa deposit, although only 40 feet thick,
might be assumed to be of infinite extent in all direc-
tions when compared to the small size of the injection
cavities and the small amount of Kr® involved, par-
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ticularly for the deeper injection holes (fig. 1). Sec-
ond, the diffusivity of the playa material must be
assumed to be homogeneous and isotropic; that is, the
porosity, moisture content, and other factors affecting
the diffusive properties are considered constant in
space and time. These conditions were discussed and
the assumptions justified earlier in the text.

The cylindrical geometry of the injection cavity
(fig. 2) can be simplified by assuming it to be a sphere
with the same surface area available for diffusion. The
field injection cavities are 5.25 inches in diameter by
9.0 inches long with a wall area of 148 square inches
and a volume of 195 cubic inches. A sperical cavity
having the same surface area would have a diameter of
6.86 inches and a volume of 175 cubic inches.

Another necessary assumption is that the diffusion
coefficient of Kr®® in the hollow, air-filled injection
cavity is infinite relative to that in the porous medium.
This is reasonable, first, because convective mixing
probably occurs in the injection cavity, and secondly
the diffusion coefficient in the cavity is about 50 times
greater than that in the porous playa material, as will
be shown later. This assumption is necessary for the
further assumption that the radioactive count rate
detected by the centrally-placed Geiger Miiller tube is
representative of the average Kr® concentration (plus
background) in the cavity. It may also be assumed
that the initial charging of the injection cavity is
instantaneous and affects only the interior of the cavity.
Although the actual injection of the gas took a finite
time of a few seconds, it could be considered instan-
taneous compared to the diffusion rates. Finally, it is
assumed that there is no sorption or solution of the
Kr® gas on or in the mineral material or its contained
moisture. This is probably reasonable in that Kr® is

“a relatively inert noble gas.

The simplifying assumptions can be summarized in
two statements:

1. The injection hole represents an instantaneous
spherical source of inert Kres.

2. Diffusion proceeds from this source into a homo-
geneous, isotropic, porous medium of infinite ex-
tent.

Even with these simplifications, the solution of the
problem is somewhat complex. Crank (1956, equation
3.8, p. 27) published a solution to equation 5 for an
instantaneous spherical volume source in an infinite
medium. That solution is for the simplified conditions
described above except that the spherical source con-
sists of a medium similar to that surrounding it rather
than the more realistic hollow sphere. The equation
is rather complex and tedious to evaluate. Carslaw
and Jaeger (1959) provided a simpler solution to the
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heat-flow equivalent of equation 5 for an instantaneous
spherical surface heat source (rather than a spherical
volume source). Their equation gives the temperature,
T, at a point at any radial distance, r, from the center
of the sphere:

(7)

4
T=§TGQI{W [e-(r-r’)2/4th_ e-—(r+r’)’/4Kd]’
where ¢ is the time from the introduction of the instan-
taneous heat source; Q’, the strength of the source;
r’, the radius of the source; and K,, the thermal dif-
fusivity of the medium. The diffusion equivalent of
this equation was quantitatively compared to the
more complicated Crank equation and found to give
almost identical results for the conditions of this study.
Although the initial conditions for the two equations
are slightly different, they rapidly approach the same
solution. The effect of the initial differences are short
term and insignificant in this problem. Equation 7
was therefore selected as the most suitable model for
relative simplicity without a significant sacrifice of
accuracy.

To convert equation 7 to the appropriate diffusion
equation, it is necessary only to replace the heat terms
with analogous diffusion terms. Temperature is an
index of heat concentration, so it is replaced by the
concentration of Kr®, as counts per minute (cpm), e.
The r, 7, and ¢ terms remain the same for both cases.
The thermal diffusivity, K, is replaced by the diffusion
diffusivity, K, of the medium. The thermal strength,
Q’, of the source is defined as the temperature to which
the total amount of heat liberated would raise a unit
volume of the substance. It may be converted to the
diffusion source strength, @, by defining it as the con-
centration (or count rate) to which the total amount of
Kr#® liberated by the injection cavity (source) would
raise a unit volume of the playa material.

The converted diffusion equation would therefore be

8

= Q —(r—r"V2pKL__ —~(r+1)2 /8K
=G (R L€ e b
where ¢ is the concentration of Kr¥ at any distance, r,
from the injection hole and any time, ¢, after the
injection of gas.

EVALUATION OF THE DIFFUSION EQUATION

In order to establish a theoretical K% concentration-
versus-time curve for any location at distance, r, from
an injection well, it is necessary to evaluate the strength
(@) and diffusivity (K) for the actual field conditions.

Diffusion coefficient

The accurate determination of a diffusion coefficient
in a natural porous medium requires complex equipment
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and sampling techniques and is quite difficult. A
rather unsuccessful attempt was made to measure this
property on five samples of the playa material at
Harvard University by Dr. P. C. Reist (written
commun., 1967). Successful determinations were made
on only one sample, 10 inches square by 2 inches thick.
The measurements were in the vertical direction. The
average value measured was 0.00273 square centimeters
per second (cm?/sec) or 1.52 square inches per hour
(in’/hr) at field pressure and temperature. A value
obtained from a single small sample is not necessarily
representative of the entire playa deposit. Conse-
quently, the diffusion coefficient for this system was
estimated by another means.

Millington (1959) derived a method for estimating
the diffusion coefficient, D, of one gas into air in porous
media if the porosity, water content, and diffusion
coefficient, D,, of the gas in free air are known. His
geometric derivation describes the effects of reduced
area available for diffusion and increased path length,
or tortuosity, caused by the porous medium. It appears
reasonably valid; he assumes only that the pores of
the medium represent approximate spheres of various
sizes. His formula relating D to D, is

DID—(Z) 0", ©®)

where 6, is the gas-filled porosity in a moist sample,
and%is the proportion of gas-filled pore volume to

total pore volume.
The gas-filled porosity, 6, can therefore be related to

total porosity, 6, so that 01=1%0. The n/m ratio can
be calculated from

volume of H,O

K3 :0 bulk volume , (10)
m 0
where
volume of H;O_ Vi
bulk volume ~ Vjp
=[H,0 content (dry wt. basis)][dry bulk density]. (11)

With a moisture content of 9.1 percent (the average of
five samples previously described),

%:(1.82)(0.091):0.165 cm®/cm?; (12)
B
and with a porosity of 0.328,
0 Yw 5
n Ve 0.328—0.16
= = 13
m 0 0.328 0.497, (13)
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ol=% 6=(0.497)(0.382)=0.163, and (14)

D—]'—)O=(%)2(0,)4’3=(0.497)2(0.163)"3=0.0221. (15)

Bolch, Selleck, and Kaufman (1967, p. 79) give a
value of D, for Kr® in air of 0.157 cm?/sec at a pressure
of 1 atmosphere and temperature of 300°K (27°C).
This value of D, was then corrected to actual field
temperature and pressure conditions by means of the
Leonard-Jones equation (Bolch and others, 1967,
equation 36, p. 23). The average pressure of the field
area was 0.835 atm and the temperature between the
depths of 5 feet and 15 feet in the playa sediment was
14°C (287°K). Corrected to these conditions, Dy
becomes 0.175 cm?/sec. The porous medium diffusion
coefficient, D, is given, then, by D=0.0221 D,=0.0221
(0.175)=0.00387 cm?/sec=2.16 in.?/per hr. The value
measured vertically on one sample (1.52 in.?/per hr) is
about 30 percent lower than the value calculated
above. If the diffusivity is anisotropic, it would probably
be higher horizontally than vertically because of grain
orientation. Such an effect could explain the difference
between the measured and estimated values. Such a
difference could also be due to point-to-point variations
in the medium which would average out on a large
scale. Using the estimated value of D, the diffusivity,
K, can be obtained from

K=D/01=—2—’E=13.1 in.? per hr.

0.165 (16)

Equation 8 can now be evaluated for field conditions
using the estimate K=13.1 in.? per hr.
Injection holes

At an injection hole, r=r'= 3.43 inches and equation
8 becomes

— Q —(r+7)2uK1
c—sml(TKt)l/z [1—e 1 (17)
The strength, @, can be determined from
Q=(initial count rate) (injection cavity volume) (18)

6,

For test 2 conditions, the average initial count rate
in the injection holes was 4.0 10° cpm and the injec-
tion cavity volume 195 cubic inches so that

Q= (£0X10°) (195 in%) _
= 0.163 =

478X 108, (19)

DISPERSION AND DIFFUSION STUDIES

?
With the substitution of values of r, r/, K, and @
equation 17 becomes

4.78X10°

— __,—(6.85)2 /4K
€= 8x(3.43)%(6.,42) 117 [1—e ]

5
___2_.@3_1)/3210_ [1—e0-895/2],

(20)

By adding background radioactivity, ¢, to equation
20 and substituting time values, a gross-count-rate
versus time curve can be obtained. However, the de-
termination of the proper background value is a major
problem. The background radiation was attributed
primarily to radon-222 buildup in the sediments. Its
intensity varied considerably with time and location
and the tests themselves introduced additional disturb-
ances. Because only gross activity could be observed
during testing, it was impossible to differentiate back-
ground counts from Kr®® counts. The natural pretest
background (measured in all six holes) generally fol-
lowed a diurnal cyclic fluctuation; mean levels ranged
from 200 to 2,000 cpm, with daily deviations of 10 to
30 percent. However, for simplicity in this analysis,
it is desirable to use a level background value. Data
before and after the field test indicate an average value
near 1,200 cpm. Adding that value to equation 20 will
yield the theoretical curve shown in figure 3. The sharp
fluctuations in the curves for the 5-foot and 10-foot
holes are instrumental variations rather than actual
Kr® or background radiation changes. Data for the
2.5-foot injection hole are not shown for two reasons.
First, that hole deviates the most from the assumed
boundary conditions and background value, and second,
the figure is less cluttered without it.

The figure compares the theoretical curve to the ac-
tual curves obtained in the field from the three deepest
injection holes. Figure 4 shows the same theoretical
curve plotted with the observed curve from the 15-foot
injection hole. Of the four holes, this one is considered
to best fit the theoretical assumptions because it is the
deepest and therefore farthest removed from atmos-
pheric irregularities and boundary effects, and it had
the least instrument variations. Therefore, it yielded
the closest fitting curve to the theoretical plot. Also
shown on figure 4 is the theoretical plot obtained by
using the measured D of 1.52 in.? per hr in place of the
estimated 2.16 in.? per hr.

Land-surface boundary effect

The assumption of an infinite medium in the vertical
direction may not be valid because of the proximity of
the ground-surface boundary. However, this bound-
ary can be described mathematically with image theory.
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An imaginary diffusion sink above each injection hole
at a height above ground equal to the hole depth, would
provide the same effect as the boundary. The image
sinks would have the same properties as the injection-
hole sources, except their strength, ¢ (magnitude),
would be opposite in sign. To include the boundary
effect on the injection-hole count rate, the contributions
from the image sinks have to be subtracted. For ex-
ample, the image of the 214-foot hole is 5 feet away.
The image contribution would therefore be equation 8
evaluated for » = 5 feet. The maximum effect was
calculated to be —161 cpm 50 hours after injection.
It would be considerably less during the first 20 hours

when the Kr® diffusion is most important. The effects
from the other image sinks would be much less, since
they are farther removed. The influence of the ground-
surface boundary, then, is clearly insignificant in com-
parison to the gross counts.

Monitor holes

Equation 8 can also be used to predict the concentra-
tion of Kr®s at any time in the monitor holes. The
value of 7 is substituted to represent the distance from
the bottom of the injection hole to the detection point
in the monitor hole. The amount of Kr®® in a monitor
hole would initially be zero, but would build up to a
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maximum and then decrease as the wave of diffusing
Kr® passed.

Of the two monitor holes, the one near the 5-foot
injection hole (fig. 1) should show a greater peak Kr®
concentration because it is nearer an injection point.
That monitor hole is 2% feet deep and the detection
point is 42.4 inches away from the 5-foot-deep injection
cavity. Therefore, equation 8 can be evaluated using
r=42.4 inches. For these conditons, @=4.78X10?
cpm in.! and K=13.1 in.? per hr. Equation 8, then,
becomes

4.78 X10°

c= [6_ (42.4—3.43)2/4(13. 1) ¢
8w(42.4)(3.43)(x13.1) 171172
__e- (42.443.43)2/4(13. 1) t]=2'0";’1></2104 [6—29. 1/!_6—40. 1/1]. (21)

Figure 5 shows the plot of equation 21 plus a back-
ground of 600 cpm compared to the observed field
curve of the 214-foot monitor hole. The theoretical
peak increase in Kr®® activity is about 460 cpm over
background. This increase is less than background and
even less than the normal fluctuations in background.
Therefore, a buildup of 460 cpm from Kr®* in the
monitor hole could be somewhat obscured by the erratic
background. However, the field curve shows a rise
coincident with the theoretical Kr® increase. Any
build-up in a more distant monitor hole would be less
and would be further obscured. A boundary effect was
also calculated for the monitor wells with image
theory. However, the nearest image would be about 8
feet away and would have an insignificant effect (less
than 50 cpm).

10°

T I T I T I T 1 7 T E
- . Theoretical Kr8% activity plus 3
w - 7 background of 600 counts -
5 ! F'ilﬂ‘}:“ per minute |
z
s 10° -
= =
w A emem e —— —
o i e T T T T T T e ——— I
n - pad Theoretical Kr8 T T T T mme— e
= B / activity only
8 /
O 107 / -
z / 3
. - I :
> =
.: = l —
< |
=4 - | -
Q
3 10 ! —
g vs E
o o 7
L1 _
Lo 4
|
1 1 | L | 1 | 1 | | 1
0 10 20 30 40 50 60

TIME AFTER RELEASE OF Kr®5 IN HOURS

Figure 5.—Theoretical curves of Kr% influx into the 214-foot
monitor hole, with and without background, compared to
field test curve.
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CONCLUSIONS

The observed field data match the theoretical plots
rather closely on figures 3, 4, and 5. This suggests that
the Kr®s dissipated from the injection cavities pri-
marily by the diffusion process and that there was no
significant convective flow. Because this is an indirect
analysis, there is no conclusive proof that the flow
was by diffusion alone. However, it does demonstrate
that it is possible for diffusion to account for the field
observations.

The principal restriction that prevents a more direct
appraisal of diffusion with this approach is the lack
of a reliable measured diffusion coefficient for the field
medium. If the theoretically estimated value deviates
greatly from the actual value, the resultant diffusion
curves could be inaccurate; however, the estimated
value for D appears to be reasonable.

The assumption of an isotropic medium may not be
entirely valid as there undoubtedly was some anisot-
ropy involved. Limited field observations and sampling
indicated some anisotropic structural features, but the
factors controlling diffusion were relatively uniform.
Although vertical moisture variation was apparently
small, horizontal variation could cause some hetero-
geneity. However, there is no evidence to indicate
strong variations. Considerably more sampling areally
and vertically would be needed to adequately verify the
assumption of isotropic, homogeneous conditions.

Another source of error in the theoretical evaluation
is the lack of accurate data on the background count
which is added to the net count rate. As pointed out
above, this is the principal problem preventing the
determination of the net addition of Kr® counts in the
monitor holes. Due to the erratic variability of the
background count in space and time, and instrument
noise, it would be nearly impossible to accurately define
it.

A simpler analysis of this diffusion problem could be
made by assuming an instantaneous point source rather
than a spherical source. This, however, would deviate
further from the actual conditions and was not carried
out in this study.

The field tests for this study were designed and con-
ducted under the general direction of Mr. B. L.
Schmalz, U.S. Atomic Energy Commission. His help
is greatly appreciated.
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Fieure 2.—Functional parts of the signal light.

CONCLUSION

The type of signal lamp described here seems to
meet all the requirements of modern electronic traverse,
with a flexibility of control not available before. The

basic design has been kept simple, to meet present

"

needs, but with the possibility of future elaboration.
Technical details about components and the function-
ing of individual circuits have been avoided because
they are not of general interest.
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Mollusks, Pleistocene, Kansas. ..
Montana, geophysics, Boulder
batholith area.. ..___

Moon, simulated landing sites,
near Flagstaff, Ariz._.

surface roughness described

by spectral analysis .. .

Mount Edgecumbe volcanic field,
Alaska, petrology.-_.

N
National Reactor Testing Sta-
tion, Idaho, gas-
diffusion study.______
Nevada, petrology, Nye
County . oo ___

Newberry Caldera, Oregon, dat-
ing ash and pumice
deposit. . __________

New Hampshire, structural geol-

ogy, northern part__.
Mexico, paleontology,
northern part.______
subsurface-gas pressure, Los

New

New Scotland Formation, Penn-
sylvania, white clay

Nizina Limestone, Alaska, carbo-
nate petrography.._._
North Dakota, soil chemistry,
Coteau du Missouri. .

o

Oak Ridge National Laboratory,
Tenn., sampling radi-
oactive waste_______

Ohio, Pleistocene geology, south-
eastern part. . ______

Oregon, igneous stratigraphy,
Newberry volcano

E:3 - W

petrology, Rome area______
stratigraphy, southwestern
parte ...
Ostracodes, guide fossils for latest
Cenomanian________

Pleistocene, Kansas.__.____
P

Paleozoic, Alaska, stratigraphy._

See Devonian, Mississippian,
Pennsylvanian.

Pennsylvania, white clay, Mun-

Pennsylvanian, Kentucky, buried
stream-channel com-
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Pesticides, biodegradation by soil
organisms..__._.__.___

Phosphate reference standard,
for spectrochemical
analyses_..._______.

Pillow lava, formation and struc-
ture of, California. ..
Pleistocene, Connecticut, effect
of drift on drainage._

Kansas, paleontology_ _.___
Kentucky and Ohio, glacial

geology - . _____.__
Wyoming, structural geol-

Pliocene, Arizona, stratigraphy. .
Oregon, fluorite. . . _._______
Wyoming, structural geol-

Prairie potholes, North Dakota,
quality of water... ..
Precipitation-base runoff rela-
tions, Maryland, Big
Pipe Creek basin._._
Michigan, confused
with thomsonite_____
Pressure transducers, for at-
mospheric and sub-
surface-gas pressure
measurement_______
Pumice deposit, Oregon, carbon-
14 dating___________

Prehnite,

Q

Quality of ground water, factors
affecting, southwest-

Quaternary, Alaska, postglacial
voleanic rocks. ... __

See also Pleistocene.
Quebec, Canada, structural ge-
ology,  Maine-New
Hampshire border. -

Radioactive waste, in surface
water, sampling meth-

Radiocarbon age. See Carbon-14
age.

Recharge, contaminated, effect
on ground-water qual-

Ripples, relation to hydraulic
sorting of heavy min-

Rocky Mountains, petrology,
southern part. ... __
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Rouge Formation, Oregon, stra-

Roughness, channel bed, deter-
mination of Manning
coefficient for. ______

lunar surface, statistical de-
seription. .. ______.__

S

St. Lawrence Island, Alaska,
stratigraphy.. ... __
Samples, water, proportional to
streamflow_________
San Juan Mountains, Colorado,
petrology- . _____.
Second Lake anticline, New
Hampshire-Maine-

Quebec area, struc-
tural geology._____..
Seismic studies, Hawaii, 1968
SUMMALY. -« - oo _
Shriver Chert, Pennsylvania,
white clay deposit
1 (W

Signal light, radio-controlled, for
use in topographic
mapping. - . oo~

Soil chemistry, effect of evapo-
transpiration and
flow of ground water

Soil organisms, as biodegradation
agents of pesticides__
South Dakota, paleontology,
western part-...._._
Spectral analysis, use of PSD
function for terrain

Spectrochemical analyses, phos-
phate reference stand-

Spectrometric analyses. See Emis-
sion
analyses.

Spectrophotometric analyses. See
Atomic  absorption
analyses.

Streambed roughness, relation
of Manning coefficient

Streamflow, characteristics, de-
termination of accu-

See also Base runoff.
Streams, effect of industrial efflu-
ent on water quality.
Subsurface-gas pressure measure-
ment, Los Alamos,

Surveying, topographic, new sig-
nal light for. ... __._
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T

Tennessee, radioactive waste,

Clineh River......__

Tertiary, Colorado, petrology.. . .
See also Eocene Pliocene.

Texas, paleontology, northeast-

Thomasonite, Michigan, prehnite
mistaken for_.______

Arizona, petrology
and stratigraphy._.__
Turbulence, relation to heavy-
mineral deposition.._._

barbosalite  from

Tuff clast,

Twinning,

Two-dimensional dispersion, in
granular medium____

U

Ultramafic xenoliths, in basalts,

paleontology, southern part..
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Vapor-absorption analysis, mer-
Voleanic rocks, petrology, south-

eastern Alaska._____
Seealso Ash deposits, Basalt,

Pillow lava, Tuff
clast.
Volcanoes, Hawaii____..__.______
w

Water, natural, determination of
mercury in_ . _.._.__

natural, extraction of car-
bonate species from,

for isotope analysis__

Water craters, transient, energy
balances for- .. ____

Water samples, proportional to
streamflow. .. ._____
Water-level surges, effect on
servocontrolled ma-

nometers. . -omeea--
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structural geology,
Yellowstone National

Wyoming,

X-ray diffraction powder data,
prehnite, Michigan_ _

Xenoliths, ultramafie, in ba~

Yellowstone National Park,
Wyo., structural ge-

Zeolites. See Laumontite.
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