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SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY
1923-1924.

ROCK FORMATIONS IN THE COLORADO PLATEAU OF SOUTHEASTERN
UTAH AND NORTHERN ARIZONA.

By C. R. LoxeweLr, H. D. Miser, R. C. Moorg, Kirk Bryan, and Sioney Parce.

NATURE AND PURPOSE OF THE INVESTIGATION.

The field work of which this report is a record
was done in the summer and fall of 1921 by
members of the United States Geological Sur-
vey. A project to build a large storage dam
at Lees Ferry, on Colorado River in northern
Arizona, called for a detailed topographic sur-
vey of the area covered by the project, for the
. purpose of determining the capacity of the res-
ervoir. This work was undertaken by the
United States Geological Survey in coopera-
tion with the Southern California Edison Co.
Three surveying parties were sent to the field,
each accompanied by a geologist, whose specific
duty was to study and report on the rock for-
mations within the area to be flooded.

One topographic party, under A. T. Fowler,
which started at Lees Ferry and worked up-
stream in Arizona, was accompanied by Kirk
Bryan. Another party, under K. W. Trimble,
which started near Bluff and worked down the
San Juan and thence down the Colorado, was
accompanied by H. D. Miser. The third party,
under W. R. Chenoweth, worked from Fremont
River to the Waterpocket Fold and then re-
turned to Green River, Utah, and traversed
Cataract Canyon during the period of low water.
'C. R. Longwell was with this party until Sep-
tember, when his place was taken by Sidney
Paige. Mr. Paige, in company with the Kolb
brothers, E. C. La Rue, and Henry Rauch, left
the Chenoweth party after Cataract Canyon
had been surveyed and rowed down the Colo-
rado to the mouth of the San Juan, where they
were joined by Mr. Miser. Then they took a
hurried trip by boat down the Colorado to Lees
Ferry, making a few short stops and visiting
the famous Rainbow Bridge.

Thus the geology of the canyons of Colorado
and San Juan rivers and of the lower parts of
tributary canyons was examined continuously,
and reconnaissance work was done in the coun-
try back from the rivers. At the same time a
fourth party, under R. C. Moore, was mapping
parts of Kane, Garfield, and Wayne counties,
Utah, to determine whether oil might be found
there.

The present paper includes brief descriptions
of the rocks of the regions traversed, detailed
geologic sections, and columnar sections meas-
ured not only by the geologists who accom-
panied these parties but by other geologists
who have worked in the same regions or in
adjoining regions. The positions of the colum-
nar sections measured and many of the other
sections are shown on Figure 1.

PREVIOUS WORK.

The first geologic work done in the area here
considered was that recorded in the report of
the Macomb expedition of 1859 by J. S. New-
berry,! who examined the Mesozoic formations
near Bluff. Next followed J. W. Powell’s his-
toric explorations in 1869 to 1872, which con-
tributed some geologic information, although
their most valuable results were geographic.?
G. K. Gilbert’s work in 1875 and 1876 was
necessarily of a reconnaissance nature, but it
showed powers of observation and interpreta-
tion that have aroused the admiration of later
workers who have used his report * as a guide.

1 Newberry, J. S., Geological report, in Report of the exploring expe-
dition from Santa Fe, N. Mex., to the junction of the Grand and Green
rivers of the Great Colorado of the West, in 1859, under the command
of Capt. J. N. Macomb, pp. 101-109, 1876.

2 Powell, J. W., Exploration of the Colorado River of the West, 1875.

3 Gilbert, G. K., Report on the geology of the Henry Mountains, U. S.
Geog. and Geol. Survey Rocky Mtn. Region, 1880.

1
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W. H. Holmes contributed information on the

San Juan district,* in a report on field work.

that was in part contemporaneous with that
done by Gilbert farther north and west. The
classic reports of Gilbert and Holmes served
all practical needs for a knowledge of this
sparsely settled region until oil was discovered
at Goodridge in 1908. H. E. Gregory * and
E. G. Woodruff ® made reports on the geology
of the oil field, and Gregory later, in his reports
on the Navajo country,” described the geology
of the region on the south side of the San Juan.
The most recent papers of direct interest in
the present connection are those by W. B.
Emery,® C. L. Dake,® Dorsey Hager,* C. T.
Lupton,' and R. C. Moore.** Numerous papers
on adjacent areas, herein referred to, have been
of great assistance in making correlations.

TOPOGRAPHY.

The area considered in this report is part of
a large arid region that is sparsely settled and
difficult of access.. It is a typical portion of
- the Colorado Plateau, characterized by can-
yons, cliffs, mesas, and buttes. The general
plateau surface, averaging between 5,000 and
6,000 feet in altitude, appears fairly regular
and continuous in a panoramic view; but Colo-
rado River and its tributaries have cut hun-
dreds of feet below the generallevel, and Navajo
Mountain and the Henry Mountains project
conspicuously above it, attaining maximum
altitudes of about 11,000 feet. The Henry
Mountains are classic as the type locality of
the igneous intrusive masses known as lacco-
liths. Northwest of these mountains are the
so-called High Plateaus, lofty forest-clad table-
lands with gently irregular surface topography

4 Holmes, W. H., Geological report on the San Juan district: U. S.
Geog. and Geol. Survey Terr. Ninth Ann. Rept., for 1875, pp. 237-276,
1877, -

8 Gregory, H. E., The San Juan oil field, Utah: U. S. Geol. Survey
Bull. 431, pp. 11-25, 1911.

¢ Woodruff, E. G., Geology of the San Juan oil field, Utah: U. S.
Geol. Survey Bull. 471, pp. 76-104, 1912.

7 Gregory, H. E., The Navajo country: U. S. Geol. Survey Water-
Supply Paper 380, 1916; Geology of the Navajo country: U S. Geol.
Survey Prof. Paper 93, 1917.

8 Emery, W. B., The Green River Desert section, Utah: Am. Jour.
Sci., 4th ser., vol. 46, pp. 551-577, 1918.

9 Dake, C. L., The pre-Moenkopi unconformity of the Colorado Pla-
teau: Jour. Geology, vol. 27, pp. 61-74, 1920; Horizon of the marine
Jurassic of Utah: Jour. Geology, vol. 27, pp. 634-646, 1919. ,

10 Hager, Dorsey, Oil possibilities of the Holbrook area in northeast
Arizona, 1921. A private publication.

1 Lupton, C. T., Geology and coal resources of Castle Valley, Utah:
U. S. Geol. Survey Bull. 628, 1916.

13 Moore, R. C., On the stratigraphy of northeastern Arizona: Am.
Assoc. Petroleum Geologists Bull., vol. 6, No. 1, pp. 4749, 1922. Dis-
cusses paper by Hager cited above.

‘and precipitous borders, which have an average

altitude of more than 9,000 feet.

Alternating sedlmentary formations of Vary-
ing resistance exert a strong topographic con-
trol. Heavy sandstone and limestone units
form vertical cliffs or level mesa tops; shales
produce slopes or local areas of badlands.

Stream courses cut into sandstone or limestone

are confined in narrow, steep-walled canyons;
but at horizons of thick shales the valleys are
wide, with vertical outer walls made by the
overlying sandstones. Typical cross sections
of the larger streams show prominent struc-
tural terraces.or benches, which mark abrupt
changes in the character of the rocks.

SEDIMENTARY ROCKS.
‘ GENERAL FEATURES.

The nakedness of the surface rocks and their
deep dissection give an excellent opportunity
for detailed study, and when the entire region
has been systematically surveyed there should

be few important problems of correlation left

unsolved. But in spite of the apparent sim-
plicity of the geology it is not safe to attempt
correlation of widely separated sections without

knowledge of the intervening areas, however

thorough the study of the sections may have
been. Errors have already resulted from such
attempts, and a certain degree of confusion
now exists as to the exact stratigraphic succes-
sion and the proper terminology. Many of the
formations are of continental origin, and some
have yielded no determinable fossils. Certain
of these formations have lithologic characteris-
tics that are remarkably persistent over wide
areas; butin many sections two or more forma-
tions are strikingly similar in general appear-
ance, and members that are of only local dis-
tribution may be confused with formations that
are considered the most trustworthy as guides
to correlation. In correlating these deceptivé
formations, therefore, it is desirable to measure
sections as close together as possible, and con-
tinuous tracing in the field is the most satisfac-
tory method. The rocks are essentially hori-
zontal or dip gently, except for local strong
flexures, and the present writers found it pos-
sible to follow certain guide horizons essentla,lly
without mterrupt;lon
The rocks range in age from Pennsylvanian
to Tertiary, but the Tertiary formations were
not studied in detail. Triassic and Jurassic
rocks are the most widely distributed forma-
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tions om the surface, and they are largely of
continental origin. Bright colors prevail, mak-
ing the region a ““ painted desert’’ of greatscenic
interest. In Utah the older formations are
revealed in a few broad anticlines, notably in
Cataract Canyon and in the San Juan oil field;
and in the adjoining part of Arizona they appear

" in Marble Canyon.

Besides the laccoliths of igneous rocks in the
Henry Mountains there are a few igneous dikes
and volcanic necks at other places in the part
of the Colorado Plateau under discussion. In
the High Plateaus, west of the Henry Moun-
tains, there are large areas of extrusive igneous
rocks. None of these igneous rocks are here
described.

The section exposed in the walls of the Grand
Canyon, which adjoins Marble Canyon, is prob-
ably better known than any other in the Colo-
rado Plateau, and it is taken as a standard in
correlating Paleozoic formations in the region.
This section has been studied in great detail by
L. F. Noble, and he has recently proposed some
changes in the stratigraphic subdivision and the
terminology to be used.® (See Fig. 1 and P1.1.)

13Noble, I.. F., in Schuchert, Charles, On the Carboniferous of the
Grand Canyon of Arizona: Am. Jour. Sci., 4th ser., vol. 45, pp. 347-362,
1918, Noble, L. F., Paleozoic formations of the Grand Canyon at the
Bass trail: U. S. Geol. Survey Prof. Paper 131, pp. 23-73, 1922.

His usage is indicated below, in comparison with
the older usage, with a view to making clearer
the discussion of Paleozoic formations here
presented. ‘

Older usage. ° Noble’s usage.
Kaibab limestone...... -..Kaibab limestone
Coconino sandstone. . . ...Coconino sandstone ;(Permian).

Upper. ... Hermit shale
Unconformity.

Lowér ..,}Supai formation (Pennsylva-

Supai forma-
tion

. Upper ...J nian and Permian?).
Rg(tig]vgll lime- { Unconformity (?).
Lower....Redwall limestone (Mississip-
pian).
Unconformity. Unconformity.

Pre-Carboniferous forma- Pre-Carboniferous formations.
tions.

In thusredefining the Supai and Redwall for-
mations Noble has definitely referred the Her-
mit shale to the Permian on the basis of plant
remains first discovered by Schuchert and
identified by David White. No fossils have
been found in the thick red sandstone at the
top of the Supai formation as redefined, and
this member may therefore belong either in the
Permian or in the Pennsylvanian.

The rock formations studied in southeastern
Utah and the adjoining part of Arizona are in-
dicated in the following table:

Rock formations in southeastern Utah and the adjoining part of Arizona.

Age. Formation. Character. -

T%‘é‘;?f:ss Remarks.

Unconformity

Calcareous sandstone, shale, and
limestone; pink, white, and vari-
Tertiary (Fo- | Wasaich (?) formation. colored, evenly stratified, soft; 2,000
cene). composes highest plateaus; crops
out in cliffs and forms slopes.

Yellowish-gray
Masuk sandstone.

division.

with some sandy shale; grades )
without break into formation be- 300-500
low; a prominent cliff-forming

massive sandstone

Upper ‘“Masuk shale.”’
Cretaceous. , . | gtone.

Gray to drab sandy shale .containing
some thin beds of yellow sand- 500-1, 000+

Blue Gate sandstone.

carpments.

Yellow to brown irregularly bedded
medium to massive sandstone;
contains lignite beds up to 4 feet in 230-1, 000
thickness; forms prominent es-
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Rock formations in southeastern Utak and the adjoining part of Arizona—Continued.

Aga.

Formation.

Character.

Thickness
(feet).

Remarks.

Upper
Cretaceous.

“Blue Gate shale.”

Bluish-drab argillaceous to sandy
shale; very uniform in color and
texture; forms slopes and badlands;
thickness, 1,100-1,200 feet.

Tununk sandstone.

Yellowish medium to massive irreg-
ularly bedded sandstone; contains
lignite; forms escarpments and
hogbacks; thickness, 60-100 feet.

“Tununk shale.”

Bluish-drab sandy shale grading to
fossiliferous sandstone at base;
shale contains abundant Gryphaea
newberryt and other fossils; thick-
ness, 900-1,000 feet.

2,115-2, 250

Dakota (?) sandstone.

Yellow to nearly white sandstone;
conglomeratic in part; irregularly
bedded; contains lignite locally.

0-100

Unconformity-

2

Cretaceous (?)
(Lower Cre-
taceous ?).

Jurassic.

McElmo formation.

Maroon ‘to light bluish-gray sandy
banded shale; conglomerate; and
coarse gritty maroon, yellow, and
gray irregularly bedded sandstone;
forms escarpments.

Unconformity

125-565

Varicolored sandstones
and shales.

Very massive soft light creamy-
white, tan, and orange-brown cross-
bedded sandstone; gradesinto very
sandy shale; weathers readily in

rounded slopes and forms abundant |

dune sand.

170-1, 430

Navajo sandstone of
Emery. Included
by Lupton in Mc-
Elmo formation.

Gypsiferous shales and
sandstones.

Pink to red and bluish sandy shale,
gypsum in beds up to 5 feet thick,
and massive white sandstone;
forms badlands; 50-300 {feet.

Shale, sandstone, and siliceous
dark-maroon and light bluish-green
limestone; forms distinct escarp-
ment; 30-55 feet.

45-450

Todilto (?) formation
of Emery. Hori-
zon of marine Ju-
rassic. Included
in McElmo forma-
tion by Lupton.

Navajo sandstone.

Light creamy-yellow, white, pinkish,
and buff, highly cross-bedded,
very massive calcareous sandstone;
weathers in high cliffs and innu-

_ merable cones, towers, and domes;
forms caves, alcoves, and natural
- bridges.

500-1, 800

Gregory’susage. In-
cluded in Wingate
sandstone by Em-
ery.

Todilto (?) formation.

Maroon coarse-grained cross-bedded
sandstone ; conglomerate; blue-gray
hard dense limestone; maroon and
brown shale. All in thin irregular
beds.

125-249

Gregory’susage. In-
cluded in Wingate
sandstone by Em-
ery.
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Rocl: formations in southeastern Uteh and the adjoining part of Arizona—Continued.

Age.

Formation.

Character.

Thickness
(feet).

Remarks.

Jurassic.

Wingate sandstone.

Reddish-brown very massive sand-
stone; prominently jointed; out-
cropping commonly in a single ver-
tical cliff resembling a palisade.
Cross-bedded but not so promi-
nently as Navajo sandstone.

Upﬁer Triassic.

Chinle formation.

250-500

Gregory’s usage. In-
cluded in Wingate
sandstone by Em-
ery.

Unconformity:

Thick variegated calcareous shales or
“marls,”’ fine-grained sandstones,
cherty limestones, and conglom-
eratic limestone. Sandstone most
abundant near top of formation.

300-1, 000

Upper (?) Tri-
agsic. -

Shinarump conglomer-
ate.

Light-gray to yellow coarse-grained
to conglomeratic sandstone, very
irregularly bedded and variable in
thickness; grades locally into blu-
ish sandy shale; contains silicified
wood; forms prominent bench in

topography.

Lower Triassic.

Moenkopi formation.

0-220

Unconformity-

Chocolate-brown to yellowish shale
and sandstone, containing locally
in upper portion very thin hard
limestones. The shale very sandy
and grading into shaly sandstones;
the sandstone ranging from thin-
bedded platy to thick massive
beds. Ripple-marked. Contains
DeChelly (?) sandstone lentil in
;niddle portion; thickness, 0-200
eet.

Permian.

Kaibab limestone.

Unconformity

304-920

Directly overlies
Coconino  sand-
stone where Kai-
bab limestone is
absent.

White to yellowish massive more or
less dolomitic limestone; in part
cherty; lower part increasingly
sandy and grading into subjacent
sandstone without sharp change.
Fossiliferous in part.

0-250

Not continuous.

Coconino sandstone.

White to tan massive calcareous sac-
charoidal hard to friable sandstone.
In Circle Cliffs not differentiated
from Supai (?) formation.

300-1, 000

Supai (?) formation.

Red to light-yellow shale and sand-

stone.

Pennsylvanian.

Goodridge formation.

Unconformity:

380

Possibly Hermit
shale.

Bluish fine-grained dense, medium to
massively bedded limestone; red
and grayish-white sandstone, in
part petroliferous; red and dark-
graysandy shales. Limestone pre-
dominates ir. lower part of section,
sandstone and shale in upper part.

1,582
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A. VIEW LOOKING DOWN SAN JUAN CANYON, UTAH, AT A POINT 9 MILES BY STREAM
ABOVE HONAKER TRAIL.
Canyon has been cut in Goodridge formation. Photograph by Robert N. Allen.

B. VIEW LOOKING DOWN GREEN RIVER TOWARD
ITS JUNCTION WITH COLORADO RIVER, UTAH.

C. VIEW IN CATARACT CANYON OF THE COLORADO,
UTAH.
Canyon cut in Goodridge formation. Photograph by Sidney Paige

Goodridge formation forms lower part of canyon walls and
Coconino sandstone the upper part. These two formations
are probably separated by beds that are equivalent to the
Supai (?) formation of the San Juan Canyon. Photograph by
Sidney Paige.

PROPERTY OF U. S. BUREAU OF MINES
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A. VIEW LOOKING DOWN SAN JUAN CANYON, UTAH, AT A POINT BETWEEN CLAY HILL
CROSSING AND THE MOUTH OF MOONLIGHT CREEK.

Coconino sandstone forms canyon walls. Photograph by H. D. Miser.

B. VIEW NEAR COLORADO RIVER 2 MILES BELOW C. VIEW LOOKING DOWN SAN JUAN CANYON AT
MOUTH OF TRACHYTE CREEK, UTAH. THE MOUTH OF SLICKHORN GULCH, UTAH.

Showing Chinle formation, about 320 feet thick, capped by 1, Coconino sandstone; 2, Supai (?) formation: 3, Goodridge

Wingate sandstone. Part of wide bench in foreground is on formation. The rapid is produced by a boulder bar at the

Shinarump conglomerate. Photograph by C. R. Longwell. mouth of Slickhorn Gulch. Photograph by Robert N. Allen.
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A. VIEW LOOKING SOUTHWEST DOWN HEAD OF MARBLE CANYON FROM POINT NEAR LEES
FERRY, ARIZ.
Platform in foreground is underlain by Kaibab limestone; next higher platform reveals the Moenkopi formation and

is capped by Shinarump conglomerate; the high Vermilion Cliffs, to_the right, are formed by Wingate and Navajo
sandstones. Chinle formation is exposed on steep slope below Vermilion Cliffs. Photograph by Kirk Bryan.

B. VIEW LOOKING UP COLORADO RIVER FROM A HIGH POINT NEAR THE MOUTH OF
CRESCENT CREEK, UTAH.
Crescent Creek in foreground. The Colorado is deeply incised in the Coconino sandstone, which forms the light-

l(mlnred lxl)lm,f orm. Moenkopi formation in the foreground is stripped from this platform. Photograph by C. R.
songwell.

C. EROSION REMNANTS STANDING ON PLATFORM OF COCONINO SANDSTONE NEAR MOUTH
OF FREMONT RIVER, UTAH.

1, Coconino sandstone; 2, lower member of Moenkopi formation; 3, De Chelly (?) sandstone lentil of Moenkopi
formation; 4, conglomerate at base of upper member of Moenkopi formation. =~ Photograph by C. R. Longwell.
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A. VIEW LOOKING UP SAN JUAN CANYON FROM POINT NEAR MOUTH OF CLAY GULCH,
UTAH.

Platform is underlain by Shinarump conglomerate, but in foreground terrace gravels and landslide material rest on
Shinarump. Moenkopi formation is exposed in lower part of canyon walls. Photograph by Robert N. Allen.

B. VIEW LOOKING WEST TOWARD HIGH MESA AT CLAY HILL CROSSING ON SAN JUAN
RIVER, UTAH.

Coconino sandstone underlies level foreground; Moenkopi formation, next above, weathers with fluted edges;
De Chelly (?) sandstone lentil of Moenkopi is absent; Chinle forms steep badland slope with dark and light
bands; Wingate, Todilto (?), and Navajo formations form cliffs at top of mesa. Shinarump conglomerate
is absent. Photograph by Robert N. Allen.
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CARBONIFEROUS SYSTEM.

Goodridge formation.—The Goodridge forma-
tion, which has been described by Woodruff,
is best exposed at the type locality on the
Honaker trail in San Juan Canyon near Good-
ridge, where the canyon has been carved into
it to a depth of 1,338 feet without revealing
the base. It is of marine origin and consists
of sandstone, sandy shale, and_cherty lime-
stone, with gray limestone predominating in
the lower 500 feet and sandstone and shale in
the upper portion. (See Pls. III, 4, and IV, ()
Red is the most common color of the beds in
the upper 700 feet. The base of the formation
is nowhere exposed, and therefore its relation
to older rocks is not known. A less complete
section of the formation—about 1,000 feet—is
exposed in another anticline east of Goodridge.
About 1,500 feet of it is exposed in Cataract
Canyon on the Colorado. (See Pls. II, III, B
and C.) A deep well drilled in the Circle Cliffs
by the Ohio Oil Co. penetrated in its lower part
1,582 feet of white sandstone and limestone
that may represent the Goodridge formation.

Fossils are- abundant and are distributed
throughout the type section from a horizon near
the base to the top. G. H. Girty, who has
studied the faunas, makes the following state-
ment: :

The Goodridge formation, as described by Woodruff,
comprises two widely different faunas. The lower fauna,
which contains almost no true Mollusca, changes abruptly,
at bed No. 55 of his published section, to one that contains
almost nothing else. The base of the bed as measured by
Miser is 314 to 324 feet below the top of the formation.
The character of the change suggests that it may not be
as significant as the degree of the change might indicate.

. The two sections that naturally invite comparison with
the Goodridge are the San Juan section, Colorado, to the
cast, and the Grand Canyon section, to the west. [See
P1. I.] As I suggested in 1912, the general faunal resem-
blances would tend to correlate the upper part of the
Goodridge with the Rico formation in the San Juan region
and with the upper part of the Redwall limestone [old
usage of Redwall] in the Grand Canyon region. On the
same grounds the lower part of the Goodridge would be
correlated with the Hermosa formation of the San Juan,
which underlies the Rico. In the Grand Canyon section,
however, the lower part of the Goodridge has no equivalent
that can at present be recognized, but it is closely related
faunally to the Magdalena limestone of New Mexico.

Developments of the last ten years have brought about

an assignment of the Rico formation to the Permian (?),
while the upper part of the old Redwall limestone is
referred to the Pennsylvanian and now included in the
Supai formation. Itis evident that the upper part of the

M Woodruff, E. G., op. cit., pp. 80-85.

.ditions.

Goodridge can not be correlated with both these forma-
tions and yet these assignments be correct. An error evi-
dently exists, but it can not at present be located. The -
correlations here adopted seem the natural ones, and it is
thought better to continue them for the present and to
leave adjustments of age determinations to a future day
and more satisfactory evidence.

At present, therefore, the upper part of the
Goodridge can not be assigned with assurance
to any epoch, but the greater part of the forma-
tion is certainly Pennsylvanian. It is evident
from Mr. Girty’s remarks that any attempt to
match the Goodridge with a part of the stand-
ard Grand Canyon section must be considered
as tentative only. This fact should be borne
in mind in connection with the columnar sec-
tions (Pls. I, IT) offered in this paper.

Sandstone and limestone beds of the Good-
ridge formation supply the oil in the San Juan
field, as noted by Gregory and Woodruff. -
Some of these oil-bearing beds are near the top
of the formation, but others are much deeper,
the lowest being 1,300 feet below the top. Oil
seeps occur at several places along the bottom
of the San Juan Canyon. The largest extends
for 1} miles above the mouth of Slickhorn
Gulch, and the oil at this locality comes from
westward-dipping beds along and near a fault
about 520 feet below the top of the Goodridge.

Supaz (%) formation.—The Goodridge forma-
tion in the San Juan region and in Cataract
Canyon is overlain by red sandy shale and shaly
sandstone. (See Pl III, () Gregory notes
that no definite unconformity is recognized at
the top of the Goodridge,'® but there appears
to be a transition to the red beds above through
limestone conglomerate that may represent a
gradual change from marine to continental con--
At the mouth of Slickhorn Gulch, on
the west side of the San Juan oil field, these
higher red beds are 380 feet thick. (See Pl.
IV, C.) In view of their lithologic character"
and their position immediately beneath the
Coconino sandstone, a possible correlation with
Noble’s Hermit shale is suggested; but in the
absence of fossils the beds are correlated doubt-
fully with the upper part of Noble’s Supai
formation, which has a much wider known dis-
tribution than the Hermit shale. Woodruff
and Gregory referred these red beds to the lower
part of the Moenkopi formation, which is now
recognized as Triassic. (See Pls. I and II.)

16 Gregory, H. E., Geology of the Navajo country: U. 8. Geol. Survey
Prof. Paper 93, p. 21, 1917. ’
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In the head of Marble Canyon about 500 feet
of red shale and sandstone containing beds of
blue limestone in their lower part were observed
beneath the Coconino sandstone. The highest
of these beds may be equivalent to Noble’s
Hermit shale, but the lowest are probably
equivalent to his Supai formation.

Coconino sandstone.—The Coconino sand-
stone has yielded no determinable fossils, but
it is recognized in southern Utah by criteria
other than its peculiar lithologic character.
In Marble Canyon, southwest of Lees Ferry,
Ariz., the sandstone is present in its normal
position beneath the Kaibab limestone, which
in turn is unconformably overlain by the Lower
Triassic Moenkopi beds. In Circle Cliffs the
same relations are seen but the Kaibab is
much thinner than at Lees Ferry and localities
. farther west. In and about Cataract Canyon
and on the San Juan the Kaibab is absent and
the Moenkopi rests unconformably on a thick
sandstone that has all the characteristics of
the Coconino. Gilbert recognized this rela-
tion near Cataract Canyon and referred to the
sandstone as the “Upper Aubrey sandstone,”
the name used at that time for the Coconino
in the Grand Canyon. (See Pls. I, II, IV, C,
and V, B and C.) . ‘

The sandstone here called Coconino has been
traced by B. S. Butler,”” F. L. Hess,’®* H. E.
Gregory,*® C. R. Longwell, and H. D. Miser
practically the entire distance from Cataract
Canyon to the San Juan oil field by way of
WhiteCanyon. The three large natural bridges
in White Canyon are stated by Hess and
Gregory to have been formed in this sand-
stone. On the San Juan the Coconino is ex-

posed in a small area on the crest of an

anticline at Zahns Camp, but farther upstream
it is exposed over large areas, being the surface
‘formation in the part of Moonlight Valley in
which Train and Organ rocks are situated and
also in the broad dissected plateau between
the Clay Hills and the San Juan oil field.
(See P1. IV, 4 and C.) The eastern part of
the plateau is known as Cedar Mesa. Wood-
ruff?® states that eastward from Cedar Mesa
the sandstone grades completely into red sandy
shale on the southeast side of the oil field.
This shale and the equivalent sandstone were

17 Butler, B. 8., The ore deposits of Utah: U. S. Geol. Survey Prof.
Paper 111, pp 619-620, 1920.

18 Oral communication.

¥ Woodruff, E. G., op. cit., p. 86.

included by Woodruff* and Gregory? in their
Moenkopi formation. (See Pls. I and II.)

The sandstone is massive and highly cross-
bedded, and its color is creamy white, though
on Cedar Mesa much of it is tan. The grains
are fine to medium in size, and as a rule the
cement of calcium carbonate is sufficient to
make the rock fairly firm, although in places
it is friable. The greatest thickness observed
is in Cataract Canyon, where it measures
nearly 1,000 feet. In the Circle Cliffs only
the top of the formation can be seen, but the
deep well mentioned above penetrates white
sandstone hundreds of feet thick immediately
beneath the Kaibab and then passes through
beds that are probably the equivalent of the
Supai (% formation. The Coconino, as well
as most of the supposed Supai there, consists
of white sandstone, so that these two forma-
tions can not be separated.in the well log.
Their combined thickness is 1,550 feet. Near
the mouth of Moonlight Creek on the San
Juan the thickness of the Coconino is about
600 feet; at the mouth of Slickhorn Gulch,
also on the San Juan, it is about 400 feet;
at Lees Ferry it is 300 feet; in the Grand
Canyon it ranges from 250 to 350 feet; and
to the west it gradually decreases,?? the for-
mation losing its identity in southern Nevada.?
Thus it is evident that the sandstone thickens
consistently toward the northeast in the area
of its known distribution.

Kaibab limestone.—Typical Kaibab lime-
stone consisting of white and yellow dolomite
and limestone with numerous chert nodules is
present in the Circle Cliffs, but its thickness is
only 150 feet, as compared with 250 feet at Lees
Ferry,400 to 600 feet in the Grand Canyon 2 and
1,000 feet in northwestern Arizona and south-
western Utah.?*® (See Pl. V, A.) It is not
found in Cataract Canyon, in the Henry Mount-
ains,” or along San Juan River. (See Pls.I and
I1) Thus it appears to thin progressively
toward the northeast, with the thickening

20 Woodruff, E. G., op. cit., pp. 86-87.

1 Gregory, H. E., Geology of the Navajo country: U. S. Geol. Survey
Prof. Paper 93, pp. 29-30, 1917,

22 Reeside, J. B., and Bassler, Harvey, Stratigraphic sections in south-
western Utah and northwestern Arizona: U. S. Geol. Survey Prof.
Paper 129, pp. 57-58, 1922.

28 Longwell, C. R., Geology of the Muddy Mountains, Nev., with a
section to the Grand Wash Cliffs in western Arizona: Am. Jour. Sci.,
5th ser., vol. 1, p. 47, 1921.

% Noble, L. F., The Shinumo quadrangle, Grand Canyon district,
Ariz.: U. 8. Geol. Survey Bull. 549, p. 70, 1914.

% Reeside, J. B., and Bassler, Harvey, op. cit., pp. 69-76.

* Gilbert, G. K., Geology of the Henry Mountains, p. 4, U. 8. Geog.
and Geol. Survey Rocky Mtn. Region, 1880,
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of the Coconino sandstone in this direction,
suggesting lateral gradation of the limestone
into the sandstone at the top of the Coconino.
It is probable, however, that a large part of
the thinning is due to beveling during the
erosion interval recorded by the unconformity
at the base of the Triassic. This problem is of
considerable interest, especially to the paleo-
geographer, for under the first interpretation
the Kaibab shore line certainly lay at no great
distance east of the Circle Cliffs, whereas the
alternate explanation permits a much greater
extension of the Kaibab sea eastward. Study
of the Kaibab faunas gives weight to the sug-
gestion that pre-Triassic erosion beveled pro-
gressively eastward, for the fauna found in the
Circle Cliffs is of the “normal Kaibab” type®
and not the upper ‘Bellerophon limestone”
fauna. Thereforeitis probable that the Kaibab
present in the Circle Cliffs islower stratigraphi-
cally than the top of the Kaibab in the Grand
Canyon and the ““ Bellerophon bed” in the Park
City formation of the Uinta country.-

EROSION INTERVAL.

A significant unconformity separates the
Paleozoic and Mesozoic sections. There is no
perceptible divergence between beds, but an
unmistakable surface of erosion lies beneath
the Moenkopi formation wherever it has been
studied in Arizona, Utah, and Nevada. The
unconformity is particularly well shown near
Cataract Canyon and about the mouth - of
Fremont River, where the top of the Coconino
sandstone forms wide structural platforms.
Recent erosion has stripped away the soft
Triassic sediments; and the more resistant
Coconino preserves large areas of the pre-
Triassic erosion surface almost unchanged,
with patches of the basal conglomerate of the
Moenkopi still adherering to it here and there
in the shallow valleys and rounded divides.
Farther back from the main streams recent
canyons are cut through the contact, revealing
it as a distinct wavy line, overlain by conglome-
rate in which all the pebbles are of sandstone.

TRIASSIC SYSTEM.
Moenkopr formation.—The Moenkopi forma-

tion, of Lower Triassic age, comprises thick beds
of shale and sandstone that lie unconformably on

2 See Reeside, J. B., and Bassler, Harvey, op. cit., pp. 66-67.

the Permian rocks and are at most places uncon-
formably overlain by the distinctive Shinarump
conglomerate. As thus defined the Moenkopi
consists of several members, which vary consid-
erably in character and thickness from one lo-
cality to another. The total thickness ranges
from 304 feet in the Circle Cliffs to 920 feet south
of the Henry Mountains and along San Juan
River. No marine fossils have been reported
from the formation in southern Utah, but the
lower beds exhibit a regularity and a uniformity
of texture that suggest deposition in a large.
body of water. Farther west and southwest,
in Arizona, southern Nevada, and southwestern
Utah, the lower part of the formation is clearly
of marine origin but the upper part is un-
mistakably of continental origin.

Along the San Juan the Moenkopi consists
principally of red sandy shale and earthy sand-
stone, with a little gypsum. (See Pl. VI, B.)
South and southwest of Piute Farms, on the
river, a thin bed of cream-colored sandstone is
found near the middle of the formation, and
this layer thickens gradually toward the south,
developing into a massive cross-bedded mem-
ber which in Train Rock has an estimated
thickness of about 200 feet. This sandstone is
apparently the same as the sandstone in south-
eastern Utah called De Chelly by Gregory.
He treated the De Chelly as a separate forma-
tion, because in most of the region he studied
south of the San Juan he found it above
Moenkopi shales and immediately underneath
the Shinarump conglomerate. He also found
that the ‘“Oljato sandstone” of Woodruff is
made up of the De Chelly and the Shinarump.
(See P1. I.) The De Chelly sandstone, accord-
ing to Gregory, is present on the east side of
the San Juan oil field, where it is red and thins
out toward the north. "He also states that the
Shinarump conglomerate, wherever it is present,
on the east side of the oil field, rests on the
De Chelly sandstone. It appears probable,
therefore, that the upper shales of the Moenkopi
were entirely removed in part of the Navajo
country by pre-Shinarump erosion. 'An alter-
nate hypothesis might be that these upper
shales are replaced toward the south by the
thickening of the De Chelly sandstone.

The sandstone that is here tentatively corre-
lated with the typical De Chelly sandstone of
northeastern Arizona disappears entirely near
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Piute Farms and Clay Hill Crossing on the San
Juan, and it was not recognized in sections for
25 miles north of Clay Hill Crossing.

Along Colorado River below Cataract Canyon
the Moenkopi again shows three distinct divi-
sions. The lower division, about 400 feet

“thick, consists of red and maroon sandstone
and sandy shale in regular beds, with a gray
conglomerate layer at the base. Shaly beds
predominate near the bottom of the section,
forming a slope that steepens upward and
merges into a cliff made of the more resistant
red sandstone. In most sections this cliff is
capped with a layer of cross-bedded gray or
cream-colored sandstone, ranging in thickness
from a few inches to 60 feet. On account of
its persistence and its striking contrast with
the underlying red beds this member forms an
excellent horizon marker. Its stratigraphic
position and lithologic character suggest its
correlation with the De Chelly () lentll on the
San Juan.

The upper division of the Moenkop1 along
this portion of the Colorado consists chiefly of
chocolate-colored, red, and gray shale and

sandstone ranging in thickness from 350 to.

nearly 400 feet. Thin-bedded sandstone pre-
dominates in the lower part, and the proportion
of sandy shale increases upward. The division
as a whole has a weak topographic expression,
forming a concave slope below the Shinarump
cliff. Thin flagey sandstone layers with strong
ripple marks and current marks recur at short
intervals in the section. Lenticular layers of
cross-bedded sandstone 15 feet in maximum
thickness are also common and form the roofs
of many old cliff dwellings that are built in
reentrants at horizons of shale. All the sand-
stone beds show evidence of strong fluviatile
action, and the shales were probably deposited
on flood plains or in shallow temporary lakes.

A persistent layer of conglomerate, from a few

inches to 25 feet thick, forms the base of the
upper division and fills erosion channels in the
De Chelly (?) sandstone. This distinct ero-
sional unconformity within the Moenkopi is
seen in all sections along Colorado River and
its tributaries from Cataract Canyon to Red
Canyon, where the gradual westward dip car-
ries the formation below the surface. (See
Pls. V and VII, A4.)

Near Lees Ferry, Ariz., the Moenkopi con-
sists of about 500 feet of red sandy shale and
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thin-bedded sandstone with seams of gypsum,
but 50 miles to the south it has numerous
thick beds of red and buff sandstone. Near
Jacobs Pools, 25 miles west of Lees Ferry, 12
feet of greenish-yellow sandy shale and 12 feet
of yellow sandy and gypseous limestone occur
at the top of the formation.

In the Circle Cliffs the Moenkopi consists of
475 feet of chocolate-colored and yellow shale
and sandstone with a few thin beds of hard
limestone near the top. No gypsum was seen
in the formation in this area or along the Colo-
rado, but secondary veins of gypsum traverse
the Moenkopl shales near Fruita, in Wayne
County, Utah. Only a little gypsum occurs in
the Moenkopi of the San Juan region and near
Lees Ferry, and the general scarcity of the
mineral in the entire region under discussion
is noteworthy in view of the high content of
primary and secondary gypsum found in both
the marine and continental phases of the Lower
Triassic in Arizona, southern Nevada, and
southwestern Utah.

From the foregoing account and from the
columnar sections (Nos. 6 to 9 on PL I) it is
apparent that the Moenkopi of Woodruff and
Gregory in the San Juan region includes not
only the typical or true Moenkopi but also the
Coconino sandstone and the Supai (%) for-
mation. '

Shinarump conglomerate.—The remarkable
persistence of the Shinarump conglomerate has
excited the wonder of geologists who have
studied Triassic sections in different parts of
the Colorado Plateau. Within the area under
discussion it is generally present at the base
of the Upper Triassic, lying on the eroded upper
surface of the Moenkopi formation. It is a
massive unit of coarse cross-bedded sandstone,
in which are interspersed lenses of conglom-
erate that contain small rounded pebbles of
chert, quartzite, and silicified wood. Silicified
logs are abundant, and many plant impressions
were seen on bedding surfaces. The average
thickness of the unit is probably less than 50
feet, but it fills depressions in the underlying
beds and at some localities attains a thickness
of more than 200 feet. Near the mouth of
Nokai Creek on the San Juan the thickness is
220 feet. '

The position of the Shinarump conglomerate
between two thick shaly formations gives it a
strong topographic expression on the sides of
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valleys, the edge forming a prominent cliff in
front of a stripped bench and above a pro-
nounced slope. (See Pls. IV, B; V, 4; VI,
A; and VII.) The formation is made still
more conspicuous in many sections by its dark
color on exposed edges; for although the fresh
sandstone is ordinarily gray, it appears to ac-
quire an especially dark coat of desert varnish
with long éxposure. This characteristic is so
pronounced that the Shinarump is often re-
ferred to as “the black layer” by prospectors
‘and others along the Colorado. Deposits of
carnotite in the formation have been mined
at several localities.

The exact conditions under which the Shina-
rump was deposited have been the subject of
much discussion, and no conclusion appears to
be generally accepted. Whatever the condi-
tions were, it is evident that they must have
been almost uniform over a very wide region,
for in its essential characteristics the formation
differs little in all the sections studied in Utah,
-Arizona, and Nevada. The uniformity ex-
tends even to its thickness, for the total sec-
tion rarely exceeds 200 feet, and this maximum
applies to very small areas. The lenticular and
cross-bedded structure indicates the action of
shifting streams with fluctuating volume, and
the uniformly small thickness evidently indi-
cates a nearly even surface with slight eleva-
tion. It is not probable that the region was a
desert, for the abundance of silicified wood
found in all sections testifies to a climate suit-
able for the growth of large trees.

Chanle formation.—The Shinarump is be-
lieved to be the “basal conglomerate’ of the
Upper Triassic, for the finer sediments of the
Chinle formation in this region follow without
any apparent break. Thick beds of marly
shale, gray, pink, lavender, yellow, and varie-

" gated, form the most conspicuous part of the
Chinle. Fine-grained sandstone, cherty lime-
stone, and a few conglomeratic beds are inter-
calated with the shale. Large silicified logs
are found in sandstone layers at several hori-
zons, and there are other indications that the
entire deposit is of continental origin. Along
the San Juan the thickness ranges from 800 to
1,000 feet, and at Lees Ferry it is about 1,000
feet thick, but it is much thinner to the north,
averaging 300 feet along the Colorado above
the Waterpocket Fold and 450 feet west of the

Waterpocket Fold. This thinning may be due
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in part to pre-Jurassic erosion, for an erosional
unconformity at the top of the Chinle is gener-
ally recognized, especially in the northern lo-
calities, although it does not appear to be
profound.

Wherever the Chinle is exposed over areas
of considerable size it gives rise to badland
topography. Along the sides of valleys it
forms long slopes, broken by low steps at
horizons of sandstone or limestone layers.
(See Pls. IV, B; V, A; VI, B; VII; and VIII, B.)

Limestone is found in the upper part of the
formation in beds that range from a few inches
to 2 feet in thickness, intercalated with limy
shales. The limestone is dense and hard and
contains an abundance of chert in nodules or
lenses. Layers of intraformational limestone
conglomerate are not uncommon. In most
places the limestone beds are thin and are
limited to a section not exceeding 30 feet in
thickness, but at a few localities the individual
layers average nearly 2 feet in thickness and
make up fully half of a section 50 or 60 feet
thick. Sandstone increases in amount toward °
the top of the formation.

JURASSIC SYSTEM.

General features.—Red, brown, tan, and gray
sandstones of Jurassic age. form the most
prominent outcrops in the area under consider-
ation. The units were traced almost contin-
uously, and their relations for this portion of
the plateau were determined without question.
There still exists some degree of doubt as to
the proper terminology to be applied in the
Jurassic section, however, and the reasons for
this uncertainty will be discussed briefly.

In the eastern part of the Navajo country
Gregory recognized three Jurassic formations,?
which he thought were equivalent to the La
Plata sandstone of southwestern Colorado.
For the lowest unit he adopted Dutton’s term
Wingate sandstone, considering it identical
with the section in the Zuni Plateau,? to which
this name had been applied, and he called
the upper formation the Navajo sandstone.
In western New Mexico and eastern Arizona
these two thick, cross-bedded formations
are separated by beds of hard limestone
and limy shale, at no place aggregating a

28 Gregory, H. E., Geology of the Navajo country: U. S. Geol. Survey
Prof. Paper 93, pp. 52-59, 1917.

2 Duttep, C. E., Mount Taylor and the Zuni Plateau: U. 8. Geol.
Survey Sixth Ann. Rept., pp. 136-137, 1885. -
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thickness of more than a few feet, but so per-
sistent that they were recognized as a distinct
unit and named the Todilto formation, from
Todilto Park, N. Mex. In his reconnaissance
survey Gregory was not able to trace the
Todilto continuously to the west, but along
the San Juan and in the vicinity of Navajo
Mountain he recognized a distinct threefold
division that appeared to correspond to the
three formations observed farther east. The
middle unit along the San Juan contains more
sandstone than the typical Todilto, but lime-
stone and limy shale are present at numerous
places, and the sandstone formations above
and below' appear to be identical with the

Navajo and Wingate of western New Mexico.’

Accordingly, Gregory applied the name Todilto
to the middle unit tentatively, realizing that
the correlation was not certain but only very
probable.®** His Wingate and Navajo of the
western Navajo country correspond respec-
tively to Powell’s Vermilion Cliff and White
Cliff sandstones in the region north of the
- Grand Canyon and Marble Canyon, but no
intervening formation is recognized in that
region.

Emery worked with Gregory in the eastern
part of the Navajo country and later made a
~ survey of the Green River Desert, east of the
San Rafael Swell, where he recognized three
distinct Jurassic formations and applied to
them Gregory’s names Wingate, Todilto (%),
and Navajo.®* The Todilto (%) of Emery con-
tains fossils and is known to be at the horizon
of the marine Jurassic. He noted an apparent
threefold division of his Wingate in different
sections, the middle member consisting of thin-
bedded sandstone and shale; but the height of
these thin beds above the base of the Wingate
varies at different localities, and therefore he
believed that the beds were lenticular and did
not represent a constant horizon. Later work,
however, indicates that the beds occur at a
definite horizon and that the wvariation in
height above the base of the Wingate merely
represents a variation in thickness of that
formation, perhaps due in part to the uncon-
formity at the top of the Chinle. The thin-
bedded unit was traced by Mr. Moore along the
San Rafael Swell and the Waterpocket Fold,

80 Gregory, H. E., op. cit., pp. 55-56.
i Emery, W. B., The Green River Desert section, Utah: Am. Jour.
Sci., 4th ser., vol. 46, pp. 551-577, 1918. 4
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and other contributors to this report followed

the beds continuously in other parts of the

region, tracing them to the San Juan and to

Rainbow Bridge and other localities where the

beds form the unit correlated with the Todilto

by Gregory. (See Pl. I1.) It appears, there-

fore, that Gregory’s usage has priority and

should be retained for the present. It remains

for future field work to determine the exact

horizon of the Todilto at the type locality. If

Gregory’s tentative correlation along the San

Juan should prove to be correct, then his’
terminology should be kept permanently and

new names should be given to the formations .
designated Todilto (%) and Navajo by Emery.

If the type Todilto is found to be at the hori-

zon of the marine Jurassic, then Emery’s tenta-

tive usage of the name will be established; but

in that case his use of the names Wingate and

Navajo should be reconsidered, for it appears

that the name Navajo might well be retained

for the sandstone that is typically exposed in

Navajo Canyon and at Navajo Mountain, and-
the series of thin beds beneath it (Gregory’s

Todilto of the San Juan) deserves a new

formation name. .

In the following descriptions the three names
are used in Gregory’s sense, with the reserva-
tion suggested above regarding the Todilto.
Emery’s Todilto (% will be referred to as
“gypsiferous shales and sandstones’” and his
Navajo will be designated ‘varicolored sand-
stones and shales.” Gregory, during field
work since the publication of his reports on the
Navajo country, has recognized these two units
but has applied only temporary field names to
them.

Wingate sandstone.—The Wingate sandstone
is the most conspicuous cliff-maker in the
region. (See Pls. IV, B; V, A; VI, B; VII, 4;
and VIIL) It is from 250 to 500 feet thick,
and commonly the greater part of the total
thickness sappears as a single massive unit,
which is cut by vertical joints and presents an
impassable wall at the top of Chinle slopes.
In some sections the lowermost beds are len-
ticular, in part conglomeratic, and apparently
fill slight depressions in Chinle shale. These
lower beds are obviously waterlaid. The mas-
sive, cliff-making portion, which averages about
300 feet in thickness, has indistinet and dis-
continuous bedding and is cross-bedded on a
large scale. These structural characteristics,
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A. CASTLE BUTTE, NEAR MOUTH OF RED CANYON, UTAH.

1, Shale of upper member of Moenkopi formation; 2, Shinarump conglomerate; 3, Chinle formation; 4, Wingate
sandstone. Photograph by C. R. Longwell. K

B. VIEW LOOKING NORTH ACROSS COLORADO RIVER AT LEES FERRY, ARIZ.

Small rounded knoll to left stands on Shinarump conglomerate, which dips east. All the higher beds to the right
g)llim entire thickness of Chinle formation. Vermilion Cliffs in left background. Photograph by Robert N.
en.
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A. VIEW LOOKING NORTHWEST UP COLORADO RIVER TOWARD PROPOSED DAM SITE NEAR
LEES FERRY, ARIZ.

Canyon walls are formed by Wingate and Navajo sandstones. Todilto (?) formation is apparently absent. Photograph
by Kirk Bryan.

B. VIEW FROM POINT HALF A MILE SOUTH OF SPENCER CAMP, LOOKING SOUTH DOWN
SAN JUAN CANYON TOWARD NAVAJO MOUNTAIN, UTAH.

Canyon has been cut in Navajo, Todilto (?), Wingate, and Chinle formations. Photograph by Robert N. Allen.
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A. VIEW LOOKING NORTHEAST TOWARD WILSON MESA FROM POINT ON WILSON CREEK
NEAR SAN JUAN CANYON, UTAH.

Showing bare domes and “mosques” of Navajo sandstone. Todilto (?) formation underlies platform in foreground.
Photograph by Robert N. Allen.

B. VIEW LOOKING ACROSS COLORADO RIVER OPPOSITE SMITHS FORK, UTAH.

Showing colossal domes of Navajo sandstone. Photograph by Sidney Paige.

C. SHEER CLIFF OF NAVAJO SANDSTONE AT WARM SPRING CREEK ON COLORADO RIVER,
UTAH.

Photograph by Sidney Paige.
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Wingate sandstone

=== Néua-’a 5

Mt Ellen

VIEW OF WATERPOCKET FOLD AND CRETACEOUS PLATEAUS BETWEEN THE CIRCLE CLIFFS AND THE HENRY MOUNTAINS, UTAH, AND SKETCH

SHOWING THE SURFACE DISTRIBUTION OF THE ROCK FORMATIONS.

Photograph by R. C. Moore.
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as well as the universal fineness and roundness
of grain, suggest an eolian origin for this prin-
cipal member. The only fossils reported from
the formation are a few dinosaur tracks
observed by Mr. Miser on surfaces of the lower
lenticular beds at a locality several miles above
the mouth of San Juan River.

The color of the sandstone on exposed sur-
faces gives the cliffs a striking appearance even
in a “painted desert’’; but the color is reddish
brown rather than vermilion as suggested by
the old formation name. On unweathered sur-
faces the rock is typically buff-colored, the
darker shade ordinarily seen on cliffs resulting
from weathering.

This sandstone forms the Vermilion Cliffs in
western Kane County, Utah. Together with
the overlying Todilto (% formation it corre-
sponds in age to Gilbert’s Vermilion Cliff group
in the Henry Mountains.’> But the massive
sandstones of the Vermilion Cliffs near Lees
Ferry, Ariz., and of the Echo Cliffs are made up
not only of the Wingate sandstone but of the
Navajo sandstone; the Todilto (% formation
. has not been recognized and is apparently

. absent there.

Todilto (%) formation.—The character of de-
posits in the formation tentatively correlated
with the Todilto varies considerably both ver-
tically and horizontally; but the formation is
sharply distinguished from the underlying and
overlying sandstones by comparative thinness
of beds and by undoubted evidence of deposi-
tion in water. Measured sections of the forma-
tion in the region under discussion range from
125 to 249 feet in thickness. Layers of flinty
limestone and of calcareous shale are present in
most localities, except perhaps to the north and
west, but everywhere sandstone makes up the
greater part of the thickness. The lower partis
commonly verylenticular and contains consider-
ableconglomerate withsmall sandstone pebbles.
These beds, as well as others higher in the forma-
tion, were probably deposited by streams with
rapid, shifting currents. The layers of shale
and limestone are found for the most part in
the middle and upper portions. The shale
forms a zone of weakness that commonly causes
the overlying Navajo sandstone to retreat be-
hind the Wingate cliffs, leaving benches floored
by the lower resistant sandstone of the

# Qilbert, G. K., Report on the geology of the Henry Mountains,
pp. 57, U. 8. Geog. and Geol. Survey Rocky Mtn. Region, 1830.
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Todilto (%. (See Pls. VIII, B, and IX, A.)
The limestonebeds arelenticular and range from
afew inches to 2feetin thickness. Thematerial
is dense, hard, and cherty and is probably of
fresh-water origin. '

In some sections the transition from the
massive Wingate to the thinner beds above ap-
pears to be gradual, but at many localities along
the Colorado a distinct erosional unconformity
separates the two formations, lenticular fluvia-
tile beds filling valleys on the surface of the
Wingate. In a cliff the lower sandstones of
the Todilto (?) are readily distinguished from
the light-colored Wingate by their dark-maroon
or reddish-brown color. At higher horizons
the Todilto (% beds vary 'in color through
shades of brown, tan, and lavender. -The lime-.
stone layers are usually gray.

Navajo sandstone.—Many of the picturesque
and grotesque erosion forms common in south-
ern Utah and northern Arizona are carved in
the Navajo sandstone of Gregory, which is es-
sentially equivalent to Gilbert’s ‘“Gray CLff
group’’ and to Powell’s White Cliff's sandstone.
It is exposed over large areas along the Colo-
rado and the San Juan, in the Waterpocket
Fold and the Circle Cliffs, and farther west in
south-central Utah and forms great tracts of
almost impassable badlands, in which domes,
“mosques,” and “minarets” are common fea-
tures. (See Pls. VI,  B; VIII, and IX))
Caves, alcoves, and arches are conspicuous in
cliffs of this sandstone, and it forms a number of
natural bridges, notably the Rainbow and Owl
bridges, near Navajo Mountain.

The . thickness varies between wide limits,
reaching a reported maximum of 1,800 feet in
western Kane County, Utah, and a minimum of
about 500 feet south of the Henry Mountains.
Along the Colorado and the San Juan the thick-
ness is commonly from 600 to 800 feet, but a few
sections measure 1,000 feet. From the Water-
pocket Fold westward the thickness is generally
above 1,000 feet. There is also a marked
change in color from east to west. From the
Waterpocket Fold westward a large part of the
formation is commonly gray or creamy white,
whereas in the region south of the Henry
Mountains, around Navajo Mountain, at Lees
Ferry, and in Comb Ridge the sandstone is
typically tan or buff.

This sandstone is frequently cited as a
typical eolian deposit. Cross-bedding of the
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“tangential” type and on a very large scale
characterizes the greater part of the formation,
and the laminae of the cross-bedded-structure
show the abrupt and repeated truncation so
commonly seen in “living”’ sand dunes. True
bedding planes are present but not distinct,
so that the entire formation stands in some
cliffs with the appearance of a single massive
layer. Beds of compact limestone from 2 to 5
feet thick lie at several horizons but chiefly in
the upper half of the formation. These beds
extend laterally from' a few hundred feet to
half a mile and probably represent deposition
in shallow pans or basins. In view of the
general high porosity of the sandstone, it
would seem that these deposits required a
. high ground-water level, at least locally.
Gypsiferous shales and sandstones.—The series
of beds here designated gypsiferous shales and
sandstones is exposed at Bluff, in the Henry
Mountains, and farther north, between Kaipa-
rowits Plateau and Escalante River and along
the Colorado below the mouth:of the San
Juan almost to Lees Ferry. (See Pl. X A4.)
It is also found west of the Kaiparowits Plateau
at several localities, notably in western Kane
County, Utah, where it is apparently repre-
sented by about 100 feet of bluish-gray marl
with considerable gypsum. In typical sections
the beds consist of gypsiferous shale inter-

calated with layers of sandstone and some |

limestone, with an average total thickness of
about 75 feet. In 1918 W. B. Emery *
studied these beds in the Green River Desert and
reported the occurrence of marine Jurassic
fossils in some of the limestone layers. This
fossiliferous series had been noted previously by
Gilbert * and by Lupton.®® In some sections
there are indications of an unconformity be-
tween these beds and the underlying Navajo
sandstone.

The beds deserve a formation name, but it
appears best to postpone assigning a definite
name until the Todilto problem, discussed
above, has been finally solved by further field
work. :

Varicolored sandstones and shales.—The thick
series of beds here termed varicolored sand-
. stones and shales includes the greater portion
of the rocks in Gilbert’s ‘“Flaming Gorge

3 Op. cit., pp. 568-569.
3 Gilbert, G. K., Geology of the Henry Mountains, p. 6, 1880.
# Lupton, C. T., U. 8. Geol. Survey Bull. 628, p. 24, 1916.
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group.” These beds reach a maximum thick- -
ness of approximately 1,430 feet in the Water-
pocket Fold. (SeePl. X, 4.) Along Colorado
River between the mouth of the San Juan and
the Crossing of the Fathers the series appears
to have a thickness as great as 500 feet, and
near Bluff it is from 170 to 270 feet thick.
Complete and partial sections are exposed at
many localities south and west of the Henry
Mountains and northeast of the Kaiparowits
Plateau. The series contains a massive cross-
bedded sandstone member, tan, red, and gray,
which has some resemblance to the typical
Navajo sandstone. Other parts of the section
consist of thin-bedded sandstone, much. of it
shaly. East of the Waterpocket Fold the
predominant colors are red and tan, but in
western Kane County, where the stratigraphic
position of the series is occupied chiefly by
sandy shale, many of the beds are gray and
bluish gray.

Emery considers that this series of beds, as
well- as those at the horizon of the marine
Jurassic, corresponds to the La Plata sandstone
of Cross. Gregory limits the La Plata group
to his Wingate, Todilto, and Navajo forma-
tions. '

McELMO FORMATION (CRETACEOUS?).

The McElmo formation, of Cretaceous (%)
age, is exposed near Bluff, where it consists of
gray, red, and green shale and thin beds of
sandstone with two heavy conglomeratic layers,
making an incomplete section several hundred
feet thick. At places these conglomerates con-
tain carnotite deposits. Along the Colorado
below the San Juan partial sections of the for-
mation are made up chiefly of a massive cliff-
making greenish-gray sandstone, in part con-
glomeratic. In western Kane County the Mec-
Elmo appears to be represented by a coarse
conglomerate of undetermined thickness.

CRETACEOUS SYSTEM.

Rocks of known Cretaceous age, all probably
belonging to the Upper Cretaceous series, are
represented in southern Utah by exposures in
the vicinity of the Henry Mountains, along the
southern border of the High Plateaus in west-
ern Garfield and Kane counties, and in a
southeastward projection, of which Kaiparo-
wits Plateau is the chief part, extending into
eastern Kane County. (See Pl. X, A and B.)
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The total thickness of the Cretaceous section
in this region is about 3,500 feet. The rocks
consist of alternating divisions of bluish-drab
shale and yellowish-brown sandstone, the
former appearing in slopes and badlands, the
latter in more or dess prominent escarpments
and hogback ridges. They are divisible into
seven distinct units, the basal one of which is
doubtfully correlated with the Dakota sand-
stone. To the rocks above this basal sand-
stone Gilbert applied the following local names,
in ascending order: Tununk shale, Tununk
sandstone, Blue Gate shale, Blue Gate sand-
stone, Masuk shale, and Masuk sandstone.
These names were derived from geographic
features in the Henry Mountains. As duplica-
tion of names is contrary to the practice of
the United States Geological Survey, only
Gilbert’s names for the sandstones have been
adopted, and in this report his names for the
shales will be used in quotation marks, be-

cause of the doubt regarding the relations of

this whole succession of sandstone and shale
to named units to the north and east. In the
present state of knowledge Mr. Moore tenta-
tively correlates the ‘“ Tununk shale,” Tununk
sandstone, and “Blue Gate shale’” with the
Mancos shale of southwestern Colorado and
cast-central Utah. The Blue Gate sandstone
he tentatively correlates with the Mesaverde
formation, the ‘“Masuk shale” with the Lewis
shale, and the Masuk sandstone with the so-
called “Laramie’”’ sandstone of southwestern
Colorado. Some geologists, however, believe
that the whole succession corresponds to the
Mancos shale.

Dakota (%) sandstone.—As in most of the
Cretaceous sections of the Rocky Mountain
and Plateau region, there is present in southern
Utah a basal sandstone and conglomerate
which appears to be homotaxially equivalent
to the Dakota sandstone. This sandstone
attains a thickness of 100 feet in the escarp-
ment of Kaiparowits Plateau, but in the Henry.
Mountains district it is much thinner and in
places is absent. It evidently overlies the
beds beneath it unconformably, for the upper
surface of the McElmo is somewhat uneven, the
thickness of the upper division of the McElmo
is variable, and at one place a slight fold in the
McElmo strata was found to have been trun-
cated before the deposition of the sandstone.

15

To these evidences may be added the conglom-
eratic character of the formation. The color
of the Dakota (%) sandstone is yellowish brown
to white. The bedding is irregular. Locally
thin beds of lignite are present.

“ Tununk shale.”’—The formation above the
Dakota (% sandstone consists of bluish-drab
argillaceous and in part sandy shale, called
“Tununk shale” by Gilbert. The shale is
900 to 1,000 feet thick in exposures east of the
Waterpocket Fold. It is very sandy and
grades at the base into extremely fossiliferous
brown sandstone. The shale is also fossilifer-
ous, containing especially large numbers of
Gryphaea newberryi.

Tununk - sandstone.—The sandstone over-
lying the shale just described was called
Tununk sandstone by Gilbert. It has a
maximum observed thickness of about 100
feet. It is well developed in the vicinity of the
Henry Mountains and appears to be present
in the Kaiparowits Plateau but was not found
southwest of Table Cliff Plateau in western
Garfield County. It is light yellowish brown, -
is irregularly. bedded, and locally contains
some lignite. ‘

““Blue Gate shale.”—Overlying the Tununk
sandstone is a shale formation 1,100 to 1,200
feet thick, which resembles the ‘‘Tununk -
shale” in texture and color but lacks the
numerous fossils that are characteristic of the
“Tununk.” - To this shale Gilbert applied
the name ‘‘Blue Gate shale.”

Blue Gate sandstone.—A prominent creamy-
yellow to light-brown massive and irregularly
bedded sandstone succeeds conformably the
shale just described. Its thickness in the
Henry Mountains, where it was named the
Blue Gate sandstone by Gilbert,®¢ is 250 to 500
feet, but in the Kaiparowits Plateau and west
of Iscalante the thickness of this formation
is-at least 1,000 feet. The sandstone contains
lignite, which locally is of very good grade and
reaches a thickness of 4 feet west of Mount
Ellen. No fossils were obtained from this
sandstone, but Lee 37 has suggested that it is
comparable with the Mesaverde. It is ex-
tremely improbable that this sandstone could
represent the Ferron sandstone of Castle

8 Gilbert, G. K., op. cit., p. 4.

# Lee, W. T., Relation of the Cretaceous formations to the Rocky
Mountains in Colorado and New Mexico: U. 8. Geol. Survey Prof. Paper
95, . 50, 1915,
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Valley, as suggested by Lupton.?® The Ferron
occurs about 600 feet above the base of the
Mancos as there identified and is overlain by
3,000 feet of Mancos shale, whereas this sand-
stone is 2,200 feet above the base of the Mancos
and, as seen in the Henry Mountains, s suc-
ceeded by only a few hundred feet of shale.
The Cretaceous section of southern Utah
appears to be intermediate in character between
those of southwestern Colorado, northwestern
New Mexico, and northern Arizona and those
of central and northern Utah.

- ‘“ Masuk shale.”—Above the Blue Gate
sandstone is a light-drab, very sandy shale,
which in the Henry Mountains area has a
thickness of 500 to 700 feet and to which
Gilbert applied the name ‘Masuk shale.”
Below Table Cliff Plateau, in western Garfield
County, the thickness of this shale is un-
determined but is probably more than 1,000
feet. The upper part of the shale contains
thin beds and lenses of brown sandstone and
appears to grade without break into the over-
lying formation, the Masuk sandstone.

Masuk sandstone.—The uppermost Creta-
ceous formation in the region is a massive
yellowish-gray sandstone, which east of the
Circle Cliffs appears in a prominent table-land
- bounded by high, sheer cliffs. Its thickness
is about 300 feet according to measurements
made at its west margin, but Gilbert *° reports
a thickness of 500 feet.

TERTIARY SYSTEM.

In the High Plateaus are found exposures of
the youngest stratified rocks of the region,
comprising . pink, lavender,- white, and vari-
colored limestones, sandstones, and shales of
Eocene age. These rocks, which in Garfield
and Kane counties have been referred to the
Wasatch formation, appear in vertical cliffs
and in the fantastically carved, brilliantly
tinted walls of canyons that head along the
margins of the plateaus. The thickness of the
Tertiary sequence in this region is about 2,000
feet. Much of it, especially toward the north,
is buried beneath a great accumulation of
extrusive igneous rocks.

The Tertiary beds rest with very great
unconformity on the Mesozoic rocks, the
unconformity being angular as well as erosional.
The base of the Tertiary is found in contact

8 Lupton, C. T., Geology and coal resources of the Castle Valley, Utah:
U. S. Geol. Survey Bull. 628, p. 32, 1916. *
©® Gilbert, G. K., op. cit., p. 4.
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successively with all the formations from the
highest Cretaceous to the Navajo sandstone,
and much of the Navajo was in places removed
before Eocene sedimentation. It therefore
appears that an important deformative move-
ment, in which such structural features as the
Waterpocket Fold, the Circle Cliffs dome, and
the gentle flexures south of Table Cliff Plateau
were formed, followed Cretaceous deposition,
and that before the deposition of the Tertiary
strata began this deformed rock series had
been planed off by erosion to a nearly level
surface, a denudation involving the removal
in places of rock strata some thousands of feet
in thickness.
LOCAL SECTIONS.

General section of rocks near Lees Ferry, Ariz.
[Measured by Kirk Brysn.]

Brown thin-bedded sandstone and shale,
which are probably the equivalent of the
beds of marine Juragsic farther north. . . ..

Navajo and Wingate sandstones: Masgive tan-
gentially cross-bedded red to buff sand-
.gtone. No parting visible at the center,
but upper half has lenses of dense gray
limestone 6 inches to 3 feet thick at inter-
vals, and near the top nodules of limonite
the size of peas are common. In the Ver-
milion Cliffs the upper half is distinctly
lighter in color. The Todilto (?) formation
is apparently absent............. . ......

Chinle formation: Blue, green, and red shale;
white, gray, purple, and red sandstone;
and cherty limestone. Upper part con-
gists of heavy-bedded sandstone and red
shale; lower part contains fossil wood. . . . .

Shinarump conglomerate: (iray conglomerate
with lenses of sandstone and shale; much
fossil wood. ... ... ...l

Unconformity.

Moenkopi formation: Red sandy shale and
thin-bedded sandstone with seams of gyp-
sum, In places has beds of red and gray
sandstone 2 to 6 feet thick, and in one local-
ity 12 feet of gypsiferous limestone at the
top. Base, generally, 1 to 10 feet of chert
conglomerate...................... ... ...

Unconformity.

Kaibab limestone: Yellow limestone with
numerous more or less rounded nodules of

Foet.

®

1, 100-1, 200

1, 000+

040

1500+

250

Coconino sandstone: Gray cross-bedded mas-
give sandstone. . . ...... .. ... .l ...,

Unconformity (?).

Hermit (?) shale: Red shalel

300

and sandstone ...............

Unconformity (?) (not ob-
served).
Supai formation: Red shale

with beds of blue limestone.

(observed). . 500+
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Section about § miles southeast of Piute Farms on San
Juan River.
[Measured by H. D. Miser.]

Wingate sandstone: _ Feet.
Massive cross-bedded tan sandstone forming
sheer cliff; cut by numerous vertical joints;
face of cliff is stained dark brown. 270

Coarse brown sandstone with pebbles of shale

and sandstone up to 2 inches in diameter. . 4

Chinle formation: Green and pink marly clay With
beds of mottled pink and gray compact limestone
as much as 4 feet thick in upper part. Some of
the limestone is conglomerate. Pebbles in con-
glomerate are limestone. Pink and gray flint
on slope may have been derived from weathering
of limestone. Some parts of clay contain irreg-
ular concretions of calcareous earthy material. ..

Shinarump conglomerate: Massive gray sandstone. .

Moenkopi formation:

Chocolate-colored shale with some green shale
in upper half; light chocolate-colored shale
with some thick beds of brown fine-grained
sandstone in lower half. . e -

Brick-red sandy shale and earthy sandstone in
beds of uniform thickness. The De Chelly (?)
sandstone is absent at this place but wedges
in farther south near the top of thls part of
the formation. . . ... ... iiLioiiil..

Moenkopi or Coconino: ‘‘ Transition beds’’ like
those described in section at Zahns Camp.
Coconino sandstone.

830
10

340

500

Section at Zakns Camp on Sen Juan River.
[Measured by H. D. Miser.j
Chinle formation: Variegated marly shale.

Shinarump conglomerate: Massive gray pebbly
sandstone; forms cliff. .. ... ... ..o .iilllL.

Feet.

Moenkopi formation:

Chocolate-brown sandy shale with a smaller
amount of brown shaly and platy sandstone;
forms steep slope................. ...

Brick-red sandy shale and earthy sandstone in
even-bedded layers. . . ....... .. ... R

Cream-colored cross-bedded massive sandstone;
De Chelly (?) sandstone lentil..............

Brick-red sandy shale and a smaller amount
of red earthy sandstone in even-bedded

325

55

90

Total thickness of Moenkopi formation. ...

Moenkopi or Coconino (‘‘transition beds’):
Heavy gray sandstone. . . . .....c.cieiniensnen
Brown sandy shale and brown shaly sandstone.
A bed of gray limestone 1 foot or more thick
NEAr TOP. - .o i iieieiai it 45
Massive gray sandstone. . .................... 6
5
4

o

Brownsandyshale. . ... .. ... .....o.....
Massive gray sandstone. . ....................
Brown sandy shale and brown earthy sandstone.

Contains one or two thin beds of gray lime-

17

Coconino sandstone: Massive cross-bedded cream- Fet.
colored sandstone. Two beds of brown sandy
shale aggregating 3 feet near the top. TExposureof

sandstone extends down to San Juan River...... 55
Section on San Juan River north of Spencer Camp.
[Measured by H. D. Miser.)
Feet.

Navajo sandstoné: Cream-colored to yellow massive
cross-bedded sandstone. . ..... ...l 200+

Todilto (?) formation:

Brown fine-grained shaly sandstone with
lavendercast.. ........oo i,

Lenses of conglomerate as much as several feet
thick; conglomerate composed of sandstone
pebbles in sandy matrix. eeeeeeieaes

Lavender, brown, and buff ﬁne-gra.med sa.nd-
stone in comparatively thin layers..........

Total thickness of Todilto (?) formation. 220

Wingate sandstone: Buff fine-grained cross-bedded
sandstone; no conglomerate at base. ............
Chinle formation: Variegated marly shale; con-
cealed almost everywhere by landslides. Forma-

tion extends to river, and base is not exposed. ... 510

Section on north side of San Juan River just above its junc-
tion with the Colorado.

[Measured by H. D. Miser.]

Navajo sandstone: Feet.
Gray thin-bedded very fine grained limestone;
forms flat top of small mesa................. 4%
Buff massive cross-bedded sandstone.......... 310
Todilto (?) formation: Dark and light brown sand-
stone in comparatively thin beds.............. 200
Wingate sandstone: Buff sandstone to water’s edge
of SanJuan River................. ... ... ...... 104

Section on Colorado River near the mouth of Fremont River.

[Measured by C. R. Longwell. The canyons of Colorado and Fremont
rivers are cut in the Coconino sandstone. Above the canyons there
is a wide stripped bench on the Coconino, with scattered buttes of
the Moenkopi formation.]

Moenkopi formation:

Conglomerate at base of upper member of for-
mation. Contains angular pebbles of chert,
with maximum length of 2 inches, also a few
fragments of silicified wood. Firmly ce-
mented by calcium carbonate..............

Unconformity.

Gray sandstone, medium to coarse, strongly
cross-bedded throughout. Conspicuous by
contrast with red sandstone below. De
Chelly (?)lentil... . . ... .. ... ... ..

Regular beds (a few wjth cross laminae) of red to
maroon sandstone, averaging several feet in
thickness, of fine, uniform grain. A few
shaly layers, forming narrow benches in cliff.

Heavy bed of cross-bedded pink to tan sand-
stone; persistent good horizon marker; fine
uniform grain.............

Heavy bed of reddlsh brown sa.ndstone, grad-

Feet.

15

40

158

28

ing into gray at the base.................... 6
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- Moenkopi formation—Continued. Feet.
Fine-grained maroon and red sandstone and
sandy shale in regular beds from 6 to 30 inches
thick; form steep interrupted slope......... 115
Red sandy shale, with some layers of cross-
bedded fine-grained sandstone; forms slope;
muscovite abundant. ... ... ... ... ... 45
Massive white to gray sandstone, with medium
ey R P 2
Gritty shale and fine-grained sandstone, red to .
light brown. ..... ... il 22
Incomplete thicknessof Moenkopi forma-
L7 Te) 4 D 431
Unconformity.

Coconino sandstone: Gray and tan sandstone, of fine
to medium grain, in massive beds and with cross-
bedding on large scale. Forms walls of Narrow
Canyon and Dirty Devil Canyon. Base not ex-
posed.

Section. on Colorado River mnear mouth of Crescent Creek
(* North Wash”).

[Measured by C. R. Longwell.]

Feet.
Wingate sandstone forms a sheer cliff at least 300 feet
high, at top of the steep slope on which the .
Chinle formation is exposed..................... 300+
Chinle formation:
Regular beds of pink sandstone, 6.inches to 2
feet thick. .. ... ool 12
Coarse sandstone, pink to tan, cross-bedded.... - 25
Gritty shale and fine-grained sandstone, in
thinlayers. .. ... ... ... ..l 10
Gray calcareous sandstone.......... ... ...... 1
Pink sandstone in thin beds.................. 27
Massive layer of gray to buff sandstone......... 6
Calcareous shale in massive layers, containing
more or less grit, with a few intercalated
thin layers of fine-grained sandstone....... 156
Heavy bed of dense gray limestone, with chert
lenses and nodules............. ... oLl 4
Pink calcareousshale. ... .. ... .. ... ... .. 24
Alternating layers of gray limestone and pink-
ish shale. Limestone layers average 2 feet in
thickness and are dense, with abundance of
chert....................... e 27
Gray, lavender, and yellow shale, banded,
with a few thin sandy layers............... L. 102
Total thickness of Chinle formation..... 393
Shinarump conglomerate: Massive coarse-grained,
cross-bedded sandstone, with lenses of conglom-
erate; contains abundance of silicified wood...... 35
Unconformity. .
Moenkopi formation:
Lavender, pink, and greemsh sha,le with a few
sandstone layers; green layers prominent
0L ) 72
Gray and yellow sandy shaie and fine-grained
SAnASEONE. - .o et 6
Bright-red clayshale_..... ... ... .. ... 22
Gray, lavender, and yellow shale, Wlth a few
.bands of dense gray limestone............... 60

1
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Moenkopi formation—Continued.

Feet.
Red and pink sandy shale and fine-grained
sandstone........ ... . .. ... ... ... .... 70
Fine-grained cross-bedded red to pink sand-
SEOME. - .o 2
Alternating layers of gray -sandstone and red
shale; shale papery, sandstone ripple marked - 17
Alternating layers of red and brown sandstone
and sandy shale; sandstone layers have cur-
rent and ripple marks, also a few rain prints;
partings of brown papershale.......... ... .. 55
Single bed of massive cross-bedded light-brown
sandstone........ ... ... ... .. ... ... 22
Alternating layers of red and brown sandstone
and sandy shale; sandstone layers have cur-
rent and ripple marks, also a few rain prints. 65
Alternating thin beds of gray sandstone, with
very thin partings of brown shale........... 6
Light-brown conglomeratic sandstone. ........ 2
Alternating thin beds of gray sandstone, with
very thin partings of brown shale... ....... 2
Light-brown conglomeratic sandstone. ........ 2
Alternating thin beds of gray sandstone, with
very thin partings of brown shale........... 4
Light-brown conglomeratic sandstone. ........ 3
Alternating thin beds of gray sandstone, with
very thin partings of brown shale........... 9
Massive gray cross-bedded sandstone. . .- 3
Alternating thin beds of sandstone and shale,
yellow, red, brown, and lavender. . . . ...... 9
Firmly cemented conglomerate w1th angular
pebbles of chert and hard sandstone; frag-
ments of lustrous coal and of silicified wood
alsooccuraspebbles. ... ... ... ... ... 10
Total thickness of upper member of
Moenkopi formation .................. 441
Unconformity.
Massive gray sandstone, with mamed Cross-
bedding, loosely cemented with calcium
carbonate. De Chelly (?) sandstone lentil.. 35

Typical red and maroon beds of lower member.

Section on Colorado River below mouth of Crescent Creek.

[Measured by C. R. Longwell.]
’ Feet.
Navajo sandstone: Tan and buff sandstone, cross-
bedded on large scale. The sandstone of this
locality is an isolated remmnant capping a high

Todilto (?) formation:

Alternating regular beds of calcareous sand-
stone and gritty shale, with a few layers of
limestone conglomerate. Two of the sand-
stone layers are cross-bedded and tan. Other
beds are pink, gray, and lavender. Form
longslope..... ...l

Thin layers of red and maroon sandstone, cross-

77

60
Light-brown and gray cross-bedded sandstone;
friable, forming slope; contains hard, con-
cretionary nodules....... ..o o i.lL..

Total thickness of Todilto (?) formation. .
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Unconformity (?).

Feet.
Wingate sandstone:
Tan and light-brown cross-bedded sandstone
forming cliff.......... et eeeeeeaeaaaaa 85
Conglomerate, with pebbles and boulders of
sandstone as much ag 2 feet in diameter, also
pebbles of red clay; calcareous cement. ... .. 04
Massive cross-bedded sandstone, forming al-
most unbroken cliff. Tan on fresh surfaces,
reddish brown on weathered face........... 280
Total thickness of Wingate sandstone... 369

Chinle formation: Forms a long slope below the cliff
of the Wingate sandstone.

Section on Colorado River mear mouth of Trachyte Creek.
[Measured by C. R. Longwell.)
R Feet.
Shinarump conglomerate: Coarse-grained gray con-
glomeratic sandstone, with abundance of silicified

wood. Torms low cliff, with shelf above........ 5-15

Unconformity.
Moenkopi formdtion:
Alternating layers of gray sandstone and green-
ishehale. . ... o i
Lavender, gray, and pink calcareous shale.... 2
TFine-grained brown sandstone................
Gray “marl,’”” sandy near base. .. ............
Gray cross-bedded sandstone. ................
Greenish-gray and pink shale, paper-thm .....
Bright-red clayshale. . .......L ... ... ..
Yellow, lavender, pink, and gray ”marly ”
ghale, in thick beds. ......... ... . ...
Alternating chocolate-colored shale and gray
to brown sandstone, in thin layers. Ripple
markg abundant. .. ..... ...l
Massive brown sandstone with strong current

(SN

o
T W Ot W

3
=3
., @
o

Alternating chocolate-colored shale and gray to
brown sandstone............ .. ovieiiiat.
Masgsive sandstone. ........ooooooiiiiiiiiaa.,
Chocolate-colored sandy shale. ....._.........
Massive cross-bedded sandstone...............
Gray sandstone and chocolate-colored shale, in
alternating thin layers.....................
Massive gray to brown cross-bedded sandstone.. 3
Alternating chocolate-colored shale and gray to
brown sandstone, with strong ripple marks.. 22
Light-brown cross-bedded sandstone.......... 5
Chocolate-colored sandy shale. ............... 10
Thick layers of sandstone, with thin partings
of chocolate-colored shale...................
Alternating gray sandstone and chocolate-
coloredshale. ... ...l
Heavy layers of cross-bedded current-marked
sondstone, with thin shale partings; sand-
stone gray to brown, shale dark chocolate-
colored. .cooiniiniii e
Brown fine-grained sandstone, with thin lami-
b 111% 7 1c) 1 VA 6
Heavy layers of pink cross-bedded sandstone,
with shale partings...............olilll
Alternating gray sandstone and brown shale;
* abundant ripple and current marks...... ...

NN

S

11

18

12

16

22

19

Moenkopi formation—Continued. Feot.
Fine-grained sandstone with shaly lamination... 9 .
Firmly cemented conglomerate containing

angular pebbles of chert and hard sandstone. . 2
Total thickness of upper member of
“Moenkopi formation.................. 385
Unconformity.
De Chelly (?) sandstone lentil (gray to pink
cross-bedded sandstone). .. ................ 20

Typical red beds of the lower member.

Section on north side of Twomile Canyon, directly east of
Mount Holmes, in the Henry Mountains.

[Measured by C. R. Longwell.]

Feet
Navajo sandstone: Massive tan sandstone, capping
arounded hill... ... .. ... ... ..ooiiilL. 250
Todilto (?) formation:
. Massive fine-grained cross-bedded lavender’
and gray sandstone............o....... ... 18
Purple and gray shale; forms slope........... 10

Massive cross-bedded brown sandstone, me-

dium t0 COarSe. .- nueieaeriiaeeiaiaaaan .9
Red and brown sandy calcareous shale with

thin layers of dense gray limestone; forms

) o] oY 40
Brown and gray heavy-bedded sandstone mth
calcareous cement. ............o.iiiiiitn 27
Pink sandy shale; forms slope ............... 14
Gray sandstone and pink sandy shale in alter-
nating beds. ... . ..., 11
Reddish-brown and gray medium to fine
grained sandstone in heavy layers, some
with cross-bedding. Calcareous cement.
Layers of unequal resistance, forming steep
slope. All beds lenticular; a few lenses
conglomeratic..... ... iiiiiiiaiiai..t 120
Total thickness of Todilto (?) formation. 249
Unconformity.
Wingate sandstone: Tan to reddish-brown sand-
stone, chiefly in unbroken cliff. Large-scale
cross-bedding. ...l 366
Unconformity (?).
Chinle formation:
Alternating layers of hard fine-grained sand-
stone and pink sandy shale............... 14
Pink shale, with a few layers of gray sandstone. 22
Gray conglomeratic sandstone, with small
pebbles of chert and hard sandstone. . ..... 2
Heavy bed of fine-grained pink sandstone,
loosely cemented . ........................ 8
Varicolored calcareous shale, with a few sand-
stone layers.... ... .. il 40
Cross-bedded gray sandstone, conglomeratic at
base; contains silicified logs............... 6
Pink and yellow calcareous shale, sandy near
70 2 17
Hard gray limestone, containing chert nodules. 2
Lenticular layers of gray sandstone with part-
ingsofshale..................o.o... ..., 10
Pink and yellow gritty shale..... eeeieaes 20
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Chinle formation—Continued.

Gray and lavender “marl? beds, jointed. .. ..

Cross-bedded gray and lavender sandstone. ..

Massive fine-grained sandstone, rich with cal-
cium carbonate .and containing cherty
nodules........oiiniii i P 6

Brick-red gritty shale, with layers of gray
S0 110 151703 1 - A

Pink and gray calcareous shale or “marl,”’ ap- -
Pearing massive. .......coueeiaiaiaaeaaas

Gray and purplish sandy shale in thin beds.. .

Feet.
34
15

28

80
16

+320

Total thickness of Chinle formation .. ..
Shinarump conglomerate: Coarse conglomeratic
massive and cross-bedded sandstone with lenses
of conglomerate; abundance of silicified logs;
plain impressions of plants on bedding surfaces.
Forms vertical cliff.. ... ............... PO
Unconformity.
Moenkop1 formation: Greemsh shale immediately
below unconformity. Forms slope. .

Section of Chinle formation at north end of prominent Win- |

gate-capped outlier west of South Fork of Silver Falls
Creck, in the Circle Cliffs.
[Measured by R. C. Moore.]

Feet.
Wingate sandstone: Reddish-brown fine-grained

cross-bedded, very massive sandstone, forming
single vertical wall; prominently jointed; basal
few feet horizontally bedded in thin layers, with
ripple marks measuring about 6 inches from crest
to crest; thickness estimated..................

Chinle formation:

Soft limestone, lavender mottled with light
greenish blue, weathering in very irregular
fragments; partly covered with débris; upper
part oxidized and stained to dark purple
beneath Wingate sandstone and along joints. 5

Light-bluish conglomerate, mostly rather fine-
grained; pebbles consist almost entirely of
limestone like the associated limestones of
the Chinle formation, but there are some
flint, quartz, and ironstone pebbles as much
as 1% inches in diameter; upper part grades
into very coarse limestone grit, with lines
and lenses of fine conglomerate very mas-

sive; crops out in prominent bench........ 28
Soft shaly limestone, light greenish blue and
lavender, mottled; contains locally harder
limestone in beds 6 to 10 inches thick which
project; this division weathers in a slope. .. 70

Very hard dense fine-grained limestone, light
bluish in lower part with mottling of lavender,
massive and uniform; locally contains calcite
crystals; except for lower part, which is some-
what softer, this bed forms prominent cliff,

which in places overhangs.................. 5
Light-blue hard calcareous shale; forms land-
glideslope...cc.oociiiiiiiiiiii i 15

Argillaceous limestone, impure, mottled light
greenish blue and lavender; weathers in small
angular fragments but forms at outcrop a mas-
sive vertical ledge; grades upward and down-
ward into hard calcareous shale............. 3
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Chinle formation—Continued.

Light-blue hard calcareous shale; forms slope. .

Hard dense nodular limestone, mottled light
greenish blue. and lavender; weathers in
small irregular-shaped fragments; grades im-
perceptibly into shale above and below;

- forms bench............. .. ool 8

" Hard calcareous light-blue shale, forming slope.

Light-bluish shaly soft, very micaceous sand-
stone, grading into sandy shale..

Light-bluish to brown limestone convlomerate,
containing pebbles of limestone and chert 3
inches or less in diameter; grades into coarse
limy sandstone. . .. ...ooe i

Yellowish-brown hard sandy shale grading to
agh-gray and lavendershale.................

Grayish-blue to lavender calcareous, highly
micaceous sandstone, grading upward into
soft massive cross-bedded sandstone; lower
part weathers in thin platy fragments........

Purple shale, grading upward into yellow and
blue shale; sandy, especially in lower part;
contains abundant mica; weathers in rounded

Feet.
143

59%

2%

53

354

13
Brownish-gray thinly laminated to platy sand-
stone, weathering dark brown; lower part
locally conglomerate, containing pebbles of
ironstone and jasper as much as 1 inch in
diameter. .. .ociniiii i
Sandy shale; upper part weathers to shades of
lavender and purple; lower part darker; the
. proportion of sand increases toward the top;
contains satin spar, crystals of gypsum, and
mammillary concretions of ironstone with
crystalline calcite; weathers in rounded

5-6

: 913
Brown thin-bedded flaggy sandstone, grading
laterally to burnt sienna slaggy ironstone,
containing ‘nodules of limonite; this bed
forms a bench that weathers irregularly in
crumbly fragments. . ........ ... ...l 2
Hard calcareous sandy shale, light greenish
blue predominant in variegated coloring;
weathers in rounded badland slopes. .. .....

Total thickness of Chinle formation......
Shinarump conglomerate: Grayish-brown irregu-
larly bedded massive sandstone, showing thin
cross lamination; some of the weathered surfaces
are dark brown or black on account of a surface
deposit of iron oxide; contains bluish sandy shale
in middle part. . .....ooiiiiiiiiii
Moenkopi formation.

Section of Kaibab limestone west of The Peaks, in the Circle
Cliffs.
[Measured by R. C. Moore.]

Moenkopi formation.
Kaibab limestone:

Ye]low dolomitic limestone in massive evenly
bedded ledges; weathers in large angular
blocks pitted by solution; part contains
numerous dendrites of manganese oxide and
concretions of 2 mineral resembling wad;
conta,ms fossils; forms resistant cap of promi-
NeNt BenCh. - . ovvemieae et

85

Feet.
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Kiabab limestone—Continued.

Light-yellow soft dolomitic massive limestone,
filled with angular fragments of chert;
weathers in smooth slope; exposed. ........ 15

Soft light creamy-yellow thin to medium
bedded limestone; weathers in slope; partly
concealed....... ... i, 37

White very sandy limestone, rounded sand
grains scattered rather evenly; more lime
than sand; weathers in thick ledges........ 34

White medium to coarse grained massive sand-
stone; rounded quartz grains in a lime
(17211 ¢ 5. R 19

White very sandy limestone, rounded sand
grains scattered rather evenly; more lime
than sand; weathers in thick ledges; forms

Feet.

bench. .ot 21

Total thickness of Kaibab limestone.... 163
Coconino (?) sandstone: White medium to coarse
grained moderately soft massive sandstone;
rounded quartz grains in a lime matrix; breaks

into irregular blocks on weathering; exposed..... 73

Section of lower beds in front of Kaiparowits Plateaw, south
of Tenmile Spring, about 15 miles southeast of Escalante,
in middle part of sec. 4, T. 87 S., R. 4 E.

[Measured by R. C. Moore.]
Feet.

“Tununk shale”: Bluish sandy shale, grading
downward into soft fossiliferous sandstone. ...... .

Dakota (?) sandstone: Conglomeratic buff to almost
white coarse to medium grained sandstone, con-
taining lenses of conglomerate with pebbles as
much as 3 inches in diameter; irregularly cross-
bedded; forms cliff and prominent bench........ 90

* McElmo formation:

Red and light-brown sandy shale, interbedded
with sandstone of similar color; forms slope

partly concealed........ ... ... ... ... 55
Light-brown and yellow fine-grained sandstone,

cross-bedded in part; occursin massive layers

and forms bench..... ... ... oo iiii.L 70

Total thickness of McElmo formation. .. 125

“Varicolored shales and sandstones”:
Red and gray shale and sandstone, interbedded;
mgstly covered... .. ... ... ool 12
Red, gray, and drab sandstone and shale, in
thin alternating beds; considerable variation
in color and texture. .. .................... 60
Yellow and buff soft, very massive sandstone;
weathers in smooth round slopes, locally with
caves and shallow depressions at outcrop.... 3004+

Partial thickness of ‘‘varicolored shales
and sandstones” ... ... ... ..ol

21

Section on Halls Creek about 8 miles above its mouth.

[Measured by R. C. Moore.]
* Feet.
McElImo formation: Reddish-brown and light green-
ish-gray massive hard, irregularly bedded con-
glomeratic sandstone; forms prominent escarp-

ment; thickness reduced by erosion............. 76
‘“Varicolored shales and sandstones”:
Thin-bedded red sandstone.......... . 123
Tan-brown massive soft cross-bedded sandstone,
weathering in smooth rounded slopes, partly
covered..... . 850
Total thickness of ‘‘varicolored shales
and sandstones” ... ... ............. 973
‘‘Gypsiferous shales and sandstones”:
Light-red and greenish sandy shale; containsg
beds of white sandstone and gypsum........ 90
Maroon shale and hard fine-grained quartzitic
sandstone; forms escarpment................ 50
Total thickness of ‘‘gypsiferous shales
and sandstones”.............. .. ... 140
Navajo sandstone: White medium-grained very
massive cross-bedded sanstone; forms prominent
Pdge. o 6004

Section across Waterpocket Fold near southwest corner of T.
328., R.8 E., at Bitter Creek divide, head of Halls Creck.

[Measured by R. C. Moore.]
Feet.

Masuk sandstone: Light-yellow massive sandstone,
weathering yellowish brown; forms very promi-
nent escarpment; in lower part grades into
medium-bedded sandstone.....................

‘‘Masuk shale”: Yellowish-brown to drab sandy
shale; upper part contains beds and lenses of soft
sandstone; forms slope beneath escarpment of
sandstone above.......oiiiiiiiiiiiiiii ...

297

700

Blue Gate sandstone: Yellow to light-brown me-

dium to massively bedded sandstone forming pre-
cipitous cliff; locally contains lignite............
“Blue Gate shale”: Bluish-drab sandy shale, very
uniform in color and texture; upper part grades
into soft shaly sandstone. ......................
Tununk - sandstone: Yellowish-brown medium to -
massively bedded sandstone....._...............
“Tununk shale”: Bluish-drab sandy shale, uniform
in color and texture; includes very fossiliferous
thin yellow sandstone at base...................
Dakota (?) sandstone: Light-yellow soft irregularly
bedded sandstone, grading upward into sandy
shale; contains two thin beds of impure lignite
9 and 20 inches thick.............. ... Ll

230

McEImo formation :k
Grayish-blue, maroon, and purple banded soft
sandy shale, weathering in valleys and bad-
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McElmo formation—Continued.

Grayish-white to light bluish-green conglomer-
ate and sandstone; contains pebbles as much
as 2 inches in diameter; consists in part of
thick beds and lenses of coarse conglomerate
and in part of coarse gritty very irregularly
bedded sandstone. .. ... ... . .. ..i.ialll.

Total thickness of McEImo formation ...

““Varicolored shales and sandstones”:

Red and gray banded sandy shale grading to
soft thin-bedded sandstone. ................ 90

Tan-brown massive soft cross-bedded sandstone,
weathering in smooth rounded surfaces......

Reddish-brown and bluish-gray very soft shaly
sandstone, weathering readily, forming val-
ley; partly covered.....ooceioveiaeeinnnnan- )

Tan-brown massive soft cross-bedded fine-
grained sandstone, weathering in smooth
rounded surfaces. .. ... ... iiiiialt.

260

470

Total thickness of ‘‘varicolored shales
and sandstones”

“Gypsiferous shales and sandstones:”’

Light-red and Dbluish-gray shale and sand-
stone; gray to white sandstone in alternat-
ing beds; contains several beds of bluish to
white gypsum as much as 3 feet thick; the
gypsum occurs also in numerous thin veins. .

Dark to light red sandy shale, containing two
beds of very hard reddish and light green
mottled dense siliceous massive and flaggy
limestone that forms escarpments. .......... 50

400

Total thickness of ‘‘gypsiferous shales
and sandstones”
Navajo sandstone: White to very light cream-
colored sandstone, locally stained light orange-
red in middle and lower parts; capped by bed of
coffee-brown sandstone, 10 feet, and light tan,
highly cross-bedded sandstone, 8 feet. Very
massive, highly cross-bedded on large scale; the
cross-beds are etched in relief by weathering;
crops out in high, prominent ‘‘reef” whose sur-
face is marked by numerous conical tepees,
,mosques, and rounded domes....................
Todilto (?) formation: Dark-red to maroon cross-
bedded sandstone, medium to coarse grained,
thin to medium bedded; some beds hard, others
soft; bedding very irregular; locally contains soft
maroon sandy shale; thickness in part estimated.
Wingate sandstone: Red very massive hard fine-
grained sandstone, of uniform color and texture,
cross-bedded but bedding not prominent, much
jointed; crops out as single ledge making a ver-
tical cliff or palisade.. ... .... ... ...l .

1, 400

160

340

Chinle formation:
Light-bluish hard calcareous shale, mottled
with lavender; upper part stained purple;
weathers in rough angular blocks; forms

Feet.
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Chinle formation—Continued.
Massive light greenish-blue limestone con-
+ glomerate, composed of pebbles of lime-
stone, quartz, jasper, and sand in a lime

Feet.

Alternating beds of light bluish-green lime-
stone and shale, mottled with lavender; the
shale is hard and calcareous, forms slopes,

- and grades without demarcation into lime-
stones that are nodular, hard, and massive
and form projecting ledges..................

Sandy shale and sandstone, yellowish brown,
yellow, dark brown, blue, purple, and ash-
gray, dark tones predominating; sandstone in
part soft and massive, in part hard, dense,
cross-bedded, and forming projecting ledges,
locally conglomeratic. .....oceeiraanaan ..

146

Total thickness of Chinle formation. . ...
Shinarump conglomerate: Hard very massive, ir-
regularly bedded light bluish-gray to white
sandstone, weathering yellowish white locally;
forms prominent escarpment; at this place thick-
ness ranges from 40 to 110 feet within a short
distance, average. . ... cceeieiaiiaaiananan..
Moenkopi formation: Thin to medium-bedded
ripple-marked micaceous sandstone; weathers in
slopes and projecting ledges; base not exposed. ..

60

250+

Section of Shinarump conglomerate and upper part of
Moenkopt formation on west side of Circle Cliffs between
Horse Creek and the Peaks.

[Measured by R. C. Moore.]

Shinarump conglomerate:
Light-gray coarse-grained very massive sand-
stone, forming almost unbroken vertical-
faced escarpment; weathers in large angular

Feet.

30-60
Massive cross-bedded light blulsh-gray sand-
stone, mottled and streaked along irregular
joints with purple; grades upward without
demarcation into sandy limestone; weathers
in single massive bed softer than overlying
sandstone and therefore forming a reentrant
in the cliff; upper surface uneven.._....._...

Moenkopi formation:
Chocolate-brown very sandy shale, grading
into shaly sandstone; more calcareous above. 7
Chocolate-brown thin-bedded ripple-marked

and cross-laminated sandstone............... 3
Chocolate-brown very micaceous sandy shale,
grading into thin shaly sandstone............ 5
Chocolate-brown hard shaly to platy sandstone;
forms slight projecting ledge................. 1
Brown sandy shale, grading into thin shaly
sandstone; weathers as slope....... SO 8
Chocolate-brown hard platy sandstone, forming
aledge.. ..ol 1

Chocolate-brown sandy shale, grading into
shaly sandstone................... ..ol
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Moenkopi formatlon—Contmued. Feet.
Chocolate-brown thin-bedded ripple-marked
laminated sandstone, locally weathering

magsive and forming a prominent projecting

Chocolate:brown sandy micaceous shale with
thin seams and beds of soft sandstone; in
upper part contains thin beds of shaly
SANASEONE. - .o eee e e eaaans

Light greenish-gray platy fine-grained mica-
ceous sandstone, with large asymmetrical
ripple marks; produces a slight bench....... %

Chocolate-brown sandy micaceous shale, con-
taining abundant thin beds of shaly sandstone
which weathers in thin chips and platy slabs;
weathers in gentle rounded slope............

Brown very micaceous ripple-marked sand-
stone, with thin light-gray bands, platy with
thin shale beds between harder layers; top
layer very hard and slabby..................

Chocolate-brown sandy shale, with thin yellow
and brown sandstone beds that make slight
benches. . ..oeoeiiiin i

Light-yellow very massive hard sandstone;
forms projecting wall.....................o..

Light-yellow magsive sandstone, weathering in
thin plates; grades into shaly sandstone;

" forms bench. ... o..iiiiiiieie i,

Chocolate-brown sandy micaceous shale. .. ....

Light-yellow massive sandstone; locally stained
red on outcrop; grades locally into shaly or
thin-bedded sandstone; forms prominent

46%

27

23
56
50

40

160

Yellow calcareous micaceous sandstone, mas-
sive but thinly laminated, with ripple bed-
ding; grades to shaly sandstone.............. 4

Partial thickness of Moenkopi formation.
(Top of Kaibab limestone 25 to 40 feet below.)

456

12

23

Sect'wn of Moenkops formation in canyon northof The Peaks,
northwest of Wagonbox Mesa, in the Circle Cliffs.

[Measured ny R. C. Moore.]

. Feet.
Shinarump conglomerate: Gray medium to fine

grained massive sandstone, weathering yellowish

in part, locally conglomeratic; weathers in large

angular blocks; outcrop forms prominent cliff.. .
Moenkopi formation: .

Maroon sandy shale grading into yellow shale
in upper 15 feet, with many paper-thin
sandstone layers. . .. ... il

Yellow fine-grained soft sandstone; weathers
rather shaly............ .o o.oiL. 3

Maroon shale with thin shaly sandstone....

Buff, brown, and gray fine-grained sandstone,
in layers 1 to 4 inches thick................ 8

Yellowish-brown sandy shale...............

Pink to maroon sandstone, thin bedded, with
a few massive layers as thick as 16 inches at
intervals; interbedded with very sandy
shale; upper part yellow-brown. . ..

Fine-grained hard gray and hght-pmk sand-
stone, weathering brown and light gray;
weathers in beds 2 to 12 inches thick, but
in fresh exposures beds appear very massive;
upper part more reddish than lower; ordi-
narily well exposed......................

Red sandstone, with thin sandy shale inter-
bedded, medium to massive bedding.......

Very thin bedded platy light-brown and yel-
low to pink sandstone, weathering reddish
brown; abundant ripple marks; grades lo-
cally into shale; forms slopes...............

Pink to red sandy shale, containing thin beds
of platy sandstone; weathers in slopes. ... ..

50-150

50

48

42

31

36

21
304

Total thickness of Moenkopi formation. .

Kaibab limestone: Deep-yellow to buff very hard
fine-grained dense dolomitic limestone, in mas-
sive beds 3 to 6 feet thick; weathers in large
angular blocks; forms prominent bench; exposed
thickness.......coemnniniiinanaen o,






A NEW FAUNA FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

By Jomx B. REesipg, Jr.

INTRODUCTION.

This paper describes a small but interesting
fauna collected in 1921 by W. T. Thom, jr.,
Gail F. Moulton, T. W. Stanton, and K. C.

Heald in the Crow Indian Reservation in

southern Montana. The locality is in sec. 36,
T. 6 S., R. 32 E., Big Horn County, and is 2
miles east of the Soap Creek oil field.

The stratigraphic section in the Soap Creek
oil field was described briefly by Thom and
Moulton in a press notice issued by the United
States Geological Survey December 5, 1921,
entitled “ The Soap Creek oil field, Crow Indian
Reservation, Mont.”” It was described also in
alater and more general paper.! The youngest
beds present near the oil field belong to the
Niobrara formation, but in the adjacent parts
of the Crow Reservation to the east and north
higher formations are present and are in part
included in the section given below. The part
of the section from the Cloverly formation to
the Niobrara formation, inclusive, is derived
from the publications mentioned above and
from data kindly supplied by Mr. Thom. The
thicknesses given for the Eagle sandstone and
the Telegraph Creek formation apply especially
to the vicinity of Pryor Creek, some 30 miles
north of the Soap Creek oil fietrd. The included
lists of fossils are based on the writer's deter-
minations.

Partial section of formations exposed in the Crow Indian

Reservation, Mont.
Feet.

Eagle sandstone................. .. ...l 200-250

Sandstones and some shales: at base the massive

Virgelle sandstone member. This formation con-

tains Scaphites hippocrepis (Dekay), Scaphites n.

sp. aff. 8. aquisgranensis Schlueter, Inoceramus

aft. I. lobatus Goldfuss, Placenticeras syrtale (Mor-

ton), Placenticeras meeki Boehm, Placenticeras

planum Hyatt, Baculites ovatus Say, Baculites

Gsper Morton, Baculites n. sp. aff. B. anceps

Lamarck, and many other fossils.

1 Thom, W. T\, jr., Oil and gas prospectsin and near the Crow Indian
Reservation, Mont.: U. S. Geol. Survey Bull. 736, pp. 35-53, 1922
«(Bull. 735-B)

Telegraph Creek formation.........oooooeee...
Sandstones and shales. This group of beds con-
tains at places in the upper part a fauna like that
of the Eagle sandstone, but in the lower beds it
contains Uintacrinus sp., Marsupites sp. (identi-
fied by Frank Springer), Inoceramus deformis
Meek var., Ostrea cf. O. congesta Conrad, Baculites
sp., Puzosia (Latidorsella) n. sp., and Scaphites n.
sp. aff. S. geinitzi D’Orbigny. )
Niobrara formation (top formation of Colorado
Bluish calcareous shale in upper and lower
parts; dark shale in middle. In the upper part it
contains Uintacrinus socialis Grinnell (identified
by Frank Springer), Yoldia sp., Inoceramus, large
thick-shelled species, Ostrea congesta Conrad,
Lunatia concinna (Hall and Meek), Tessarolax cf.
T. hitzi White, Baculites sp., Scaphites vermi-
Jormis Meek and Hayden, and fish scales. In the
middle part it contains Inoceramus aff. I. lamarcki
Parkinson, Inoceramus umbonatus Meek and Hay-
den, Inoceramus, large thick-shelled species,
Pteria aff. P. nebrascensis (Evans and Shumard),
Anatina aff. A. subgracilis (Whitfield), Veniella
goniophora Meek, Cardium n. sp., Fusus sp., Volu-
toderma sp., Baculites aff. B. anceps Lamarck,
Baculites asper Morton, Scaphites vermiformis Meek
and Hayden. In the lower part it contains
Inoceramus, large thick-shelled species, Ostrea
congesta Conrad, and the basal bed, a zone of large

Feet.

320-350

400

yellow concretions, contains Yoldia sp., Nemodon -

sp., Barbatia n. sp., Inoceramus fragilis (Hall and
Meek)?, Inoceramus (Actinoceramus) n. sp., Veni-
ella gomiophora Meek, Callista tenuis (Hall and
Meek), Corbula cf. C. nematophora Meek, Denta-
lium sp., Gyrodes aff. G. petrosa (Morton), Turri-
tella aff. T. whitei Stanton, Anchura sp., Naulilus
sp., Baculites sp., and Scaphites vermiformis Meek
and Hayden.

Carlile shale. ... ...oooieiiiiiiiiiiiiiii,

This formation may be divided into a number of
units as follows:.

Dark shale with whitish septarian nodules con-
taining Inoceramus labiatus (Schlotheim), Ve-
niella goniophora Meek, Corbula aff. C. nemato-
phora Meek, Pseudomelania? sp., Fusus sp.,
Prionocyclus wyomingensis Meek. Thickness 50
feet.

Zone of large yellowish sandstone concretions.
Thickness 5 feet.

Dark shale. Thickness 35 feet.

Shale with thin hard rusty red concretions and
layers containing JInoceramus fragilis Hall and

25

425
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Feet.
Meek, Inoceramus cf. I. lamarcki Parkinson,
Veniella sp., Volutoderma? sp., Baculites gracilis
Shumard, Scaphites warreni Meek and Hayden,
Prwnotro;nsaff P, woolgari (Mantell) Thickness
30 feet.

Dark shale. Thickness 60 feet.

Bluish calcareous shale containing in its lower
part the fauna described in this paper. Thick-
ness 100 feet.

Dark shale and bentonite. Thickngss 145 feet.

Frontier formation......... ...t

Chiefly dark shale with bentonite but with a
zone of thin coarse sandstones near the top.
Shark teeth the only fossils observed.

Mowryshale..... oo oiiiiiiii i 200-300

Hard bluish-white shale W1th layers of hard dark
shale. Contains abundant fish remains but few
other fossils. .

Thermopolis shale........oeeeenienenninaian.. 550800

Dark marine shale with streaks and lenses.of
light-colored sandstone containing Inoceramus
labiatus (Schlotheim), Pteria aff. P. nebrascensis
(Meek and Hayden), Ostrea sp., Entolium sp., Mo-
diola n. sp., Gyrodes aff. G. depressa Meek, fish and
turtle remains. Middle part of formation of dark
clay and bentonite; lower part of dark marine shale.

Cloverly formation..........coooociaaiiaaiiatn 320425

An upper member of sandy shale and thin-bed-
ded rusty sandstone that may represent the
Dakota sandstone of Upper Cretaceous age.

A middle member consisting of variegated shale
where exposed along the Big Horn Mountains and
containing Unio sp. and Viviparus? sp. and a
basal member of thick coarse-grained conglom-
eratic sandstone. These divisions may repre-
sent the Fuson shale and Lakota sandstone, of
Lower Cretaceous age.

THE FAUNA AND ITS RELATIONS.

The collection described in this paper con-
tains five species of ammonites referred to
three genera, two species of Inoceramus, an
ostreid, and a gastropod.

The species are as follows:

Vascoceras thomi Reeside, n. sp.
Vascoceras moultoni Reeside, n. sp.
Vascoceras stantoni Reeside, n. sp.
Vascocerag sp. undeterminable.
Pseudotissotia (Choffaticeras) sp.?
Helicoceras pariense White?
Inoceramus labiatus (Schlotheim).
Inoceramus sp. undetermined.
Ostrea or Exogyra sp.

Gastropod, undetermined.

410

This fauna is known from only this one
locality in the Western Interior province of
North America, and consequently its correla-
tlon must rest in large part on its position with
relation to other faunal zones in the same
stratigraphic section and in the adjacent

|1t contains
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region. It is therefore of interest to consider
some of the faunal zones recognizable in the
Cretaceous deposits of this province.

A series of more or less widespread and more
or less distinctly defined faunal zones have
long been recognized in the Cretaceous de-
posits of the Western Interior. The lowest
zone to be considered here is well characterized
only in the southern part of the province, where
Erogyra columbella Meek and
Gryphaea newberryi Stanton as its guide fossils.
This zone includes the Graneros shale of the
central Great Plains, the basal part of the
Mancos shale of New Mexico, Colorado, and
Utah, and the Thermopolis shale of the north.
At many places, especially in the north, it is
nearly barren of fossils, and those present are
not sufficiently restricted to serve as guide

| fossils.

Above this zone occurs a zone with an
abundance of Inoceramus labiatus (Schlotheim).
In the central Great Plains region this zone is
contained in the Greenhorn limestone, and
very few other fossils than the guide fossil
have been found in it. In western Colorado
and the adjacent region it is well marked in
the lower part of the Mancos shale. It occurs
in southern and central Wyoming in the
Frontier formation and in northern Montana
in the lower part of the Colorado shale.

Above this zone of Inoceramus labiatus lies a
zone which contains as its more prominent and
restricted species Scaphites warreni Meek and
Hayden, several species each of Prionotropis,
and’ Prionocyclus, Inoceramus fragilis Hall and
Meek, Inoceramus dimidius White, and Ostrea
lugubris Conrad. It very rarely contains
Inoceramus labiatus (Schlotheim). This zone
is perhaps the most sharply defined and most
widely recognized of the series. It comprises
the entire Carlile shale of the central Great
Plains and Black Hills regions, part of the
Mancos shale of western Colorado and adjacent
regions, the Carlile shale of Wyoming, and part
of the Colorado formation of Montana.

Above the zone of Scaphites warreni comes a
zone which contains Uintacrinus socialis Grin-
nell, Inoceramus umbonatus Meek and Hayden,
Inoceramus deformis Meek, and, especially in
the north, Scaphites ventricosus Meek and
Hayden and Scaphites vermiformis Meek and
Hayden. A very abundant and locally re-
stricted form of this zone is Ostrea congesta
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Conrad. Inoceramus labiatus is reported in the
literature as occurring here also, but it has not
been found in numerous recent collections, and
its earlier assignment to the fauna of this zone
is very probably due to the erroneous reference
of local exposures of the Greenhorn limestone
to the Niobrara formation in Nebraska, Kansas,
and elsewhere prior to Darton’s work in that
region. In this zone falls the Niobrara for-
mation of the Great Plains region, part of the

Mancos shale of western Colorado and the’

adjacent regions, the Niobrara formation of
Wyoming, and the upper part of the Colorado
shale of northern Montana.

Above this zone of Uintacrinus and Sca-
phites vermiformis comes & zone containing
Scaphites hippocrepis (DeKay), Scaphites n. sp.
aff. 8. aquisgranensis Schlueter, Placenticeras
syrtale (Morton) and its allies, Placenticeras
planum Hyatt, and Inoceramus aff. I. lobatus
Goldfuss. In New Mexico this zone has
yielded also Mortoniceras aff. M. delawarense
(Morton). In Montana and in southwestern
Colorado and adjacent parts of New Mexico
there is a subzone at the base of this zone which
lacks Scaphites hippocrepis and Scaphites aff.
8. aquisgranensis but which contains Scaphites
n. sp. aff. S. geinitzd D’Orbigny as its most
distinctive form. The zone of Scaphites hip-
pocrepis is represented by the Eagle sandstone
and Telegraph Creek formation of southern
Montana, part of the Cody shale of northern
Wyoming, part of the Steele shale of central
and southern Wyoming, and the upper part
of the Mancos shale of southwestern Colorado
and adjacent New Mexico. Presumably the
basal part of the Pierre shale of the central
* Great Plains and Black Hills regions represents
this zone, though the distinctive species have
not been found in it except in northeastern
New Mexico. Above the zone of Scaphites
hippocrepis other faunal zones may be recog-
nized but will not be described in this paper.

The stratigraphic section at the Soap Creek
oil field and in the adjacent country, as shown
in the section given on page 25, has afforded
enough paleontologic data to determine the
relative position of the fossils described in this
paper. The beds containing the fauna include
the highest bed in which Inoceramus labiatus
occurs abundantly and lie immediately beneath
beds with the characteristic fauna of the zone of
Scaphites warreni. They are therefore to be
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correlated with at least the upper part of the
Greenhorn limestone of the central Great
Plains, though the occurrence of Inoceramus
labiatus in beds some 800. feet lower in the
section raises a doubt whether the beds conp-
taining Vascoceras represent all of the Green-
horn limestone as developed at such localities
as those in eastern Colorado, where the Green-
horn limestone contains the only beds in
which Inoceramus labiatus occurs, is only about
50 feet thick, and is separated from the Dakota
sandstone by scarcely 200 feet of Graneros
shale. It is possible that the relatively great
thickness of Graneros shale present in the
Black Hills region beneath the Greenhorn
limestone is due entirely to greater deposition
of material to form the shale without an ap-
preciably greater lapse of time and that the
Greenhorn limestone, which does not change
much in thickness over the whole region,
represents approximately the same time in-
terval everywhere. If so, the beds containing
Vascoceras may represent all the time interval
of the Greenhorn limestone and its equivalents
in various parts of the Western Interior. In
central Montana the Mosby sandstone member
of the Warm Spring shale ? occupies a position
in the section similar to that of the beds con-
taining Vascoceras. Inasmuch as the faunas
of the two units have in common only Ino-
ceramus labiatus they do not help in deter-

‘mining the relations between them. Perhaps

the only suggestion offered is the occurrence
of Metoicoceras . whitei Hyatt in the Mosby
sandstone.  This species is most abundant
in and most characteristic of the lower part
of the Colorado group in southern Utah and
in New Mexico and may indicate that the
conditions which permitted the northward
extension of Vascoceras as far as southern
Montana were the same. as those which per-
mitted Metoicoceras to reach central Montana
and that the Mosby sandstone and the beds
containing Vascoceras represent the same time.

The only other occurrence of Vascoceras in
North America is that at Cerro del Macho, in the
State of Coahuila, Mexico, described by Bése.
Here the associated fossils are more numerous,
though none of the species seem to be identical
with those from Montana, except Inoceramus
labiatus.  Bose has given a good summary

1U. 8. Geol. Survey Bull. 736, p. 172, 1922 (Bull. 736-F).
3 Bose, Emil, On a new ammonite fauna of the lower Turonian of
Mexico: Texas Univ. Bull. 1856, pp. 173-257, 1918.
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of the distribution of the Vascoceras fauna and
of its composition in all its principal occur-
rences. The fauna in its fullest and most
typical development contains species of the
ammonite genera Fagesia, Vascoceras, Mam-~
mites, Pseudaspidoceras, Neolobites, Pseudo-
tissotia, Hoplitoides, and Thomasites. It is
the Salmurian fauna of the European geolo-
gists and is widely distributed in the Mediterra-
nean region. It occurs in the lower and
middle Turonian of Portugal; the lower
Turonian of Algeria, Tunis, and Egypt; the
Turonian of the southern Sahara region; and
in Brazil, Colombia, Peru, and Mexico. Faunas
more or less related though not yet reported
to contain Vascoceras occur in the Turonian of
southern France, in India, and in Japan.

A comparison of the faunal succession in the
Western Interior province with that in western
Europe suggests the following correlations:

‘Western Interior. Europe.
. , . Lower Campanian.
Zone of Scaphites hippocrepis. ....... {Upper Santonian.

Lower Santonian.

umbonatus, and Scaphites vermi- L
Coniacian.

Jormas.
Zone of Scaphites warreni............
Zone of Inoceramus labiatus ( Vasco-
ceras at top in Montana).... ......

Zone of Uintacrinus, Inoceramus}

Upper Turonian.

Lower Turonian.

Apparently the present occurrence of Vasco-
ceras would agree with the accepted assign-
ment of the other known occurrences to the
lower Turonian. It might be middle Turonian,
if such a unit were recognized, but scarcely
younger.

DESCRIPTIONS OF SPECIES. \
Genus VASCOCERAS Choffat.

Choffat’s original description* is in part as
follows:

Genus formed by shells more or less thick, sometimes
globular, with ventral region rounded, ornamented in
youth by ribs giving rise to tubercles on the flanks and
to tubercles or elongated swellings on each side of the
siphon. With some rare exceptions ( Vascoceras subcon-
ctliatum), these lines of tubercles disappear in the adult
stage, those of the umbilical border persisting longer, and
the ventral region, or even all the visible part of the shell,
is without ornamentation.

The length of the living chamber is from one-half to
three-fourths of a whorl. :

The suture shows two broad, rounded, weakly incised
saddles, the third saddle much less important than it
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would be if the decrease were regular. The lobes are
broad and divided by small saddles, in general not
incised. From the position of these saddles the first
lobe may be considered as divided into two or three
parts. The second lobe is either simple or divided into
two. [Translated.]

Choffat proposed four sections of the genus—
(¢) monotuberculate forms with wide um-
bilicus, (b) subglobular forms with rounded
umbilical border, (¢) globular forms with
angular or subangular umbilical border, (d)
multituberculate forms.

Pervinquiére® later discussed Vascoceras,
modifying somewhat Choffat’s original de-
scription. Pervinquidre’s description is as fol-
lows:

Shell more or less thick, sometimes globular, with
ventral region rounded, ornamented, in youth, by ribs
bearing umbilical tubercles and marginal tubercles;
these tubercles become less distinct in the adult stage
(the umbilical tubercles remain distinct longer) and
even disappear completely except on one group. There
is never a median ventral tubercle. Living chamber
measuring three-fourths of a whorl or even more. * * *
Suture including two broad, rounded, little incised
saddles; the third much smaller. Lobes broad and
divided by small unincised saddles. [Translated.]

Pervinquiére recognizes only three sections
of the genus: :

1. Group of V. gamai and of V. douvillei-durandsi.
Monotuberculate forms with wide umbilicus in. the first
species and more restricted in the second. There is
every intermediate form between the two, as regards both
general form and the greater or lesser rounding of the
umbilical shoulder. ’

2. Group of V. harttiformis. Globular forms, with
the umbilicus generally narrow, the umbilical shoulder
more or less angular.

3. Group of V. subconciliatum. Multituberculate forms,
departing notably from the preceding and approaching
Mammites and the extreme forms of Acanthoceras.

Pervinquiére points out that Vascoceras
differs from the nearly related genus Fagesia
Pervinquiére in general form, in the much
earlier disappearance of the ribs and tubercles,
and. especially in the suture. The suture of
Fagesia = has four slender lateral saddles,
rounded in the upper part and trifid in sub-
division; three lateral lobes, of which the first
is profoundly bifid, the second less so, and the
third pointed. Pervinquiére adds, howerver,
that some forms of Vascoceras are difficult to
distinguish from Fagesia.

4 Choffat, Paul, Les ammonées du Bellasien, des couches & Neolobit
vibrayeanus, du Turonien, et du Sénonien: Faune crétacique du Portu-
gal, vol. 1, ser. 2, p. 53, 1898.

5 Pervinquiére, Léon, Etudes de paléontologie tunisienne, pt. 1,
Céphalopodes des terrains secondaires, pp. 331-332, 1907.
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The specimens in hand from Montana are a
bit confusing in their relations. The general
form, except perhaps for the width of the um-
bilicus, would permit an assignment to Fagesia,
and the proportions and degree of incision of
the suture fit those of Fagesia better than those
of Vascoceras. Moreover, the umbilical tuber-
cles are prominent, and there are traces of the
ventral ribs in even the largest specimens.
The younger whorls, however, show distinctly
the umbilical and ventral tubercles of Vasco-
ceras, the umbilicus is wider than shown in
most of the figured specimens of Fagesia, and
the suture in every specimen examined shows a
pointed first and second lateral lobe, not bifid.
The writer therefore assigns the specimens to
Vascoceras rather than to Fagesia and further
would place the first two of the species here
described under Pervinquigre’s sectlon 1 and
the third under section 2.

Vascoceras thomi Reeside n. sp.

Plate XTI, figures 1-2; Plate XII, figures 1-2; Plate XIII,
figures 1-2; Plate XIV, figures 1-2; Plate XV, figures
1-7; Plate XVI, figures 1-6.

Shell stout, coronate. Iarlier whorls not
well shown in the type specimen except for the
umbilical part, but apparently stout. Whorls
above 115-millimeter diameter have a moder-
ately depressed, oval cross section. Living
chamber in type occupies three-fourths of a
whorl and is apparently incomplete. Maxi-
mum diameter of type 165 millimeters. Um-
bilicus deep but fairly wide—about one-half
the diameter of the shell in width. Umbilical
shoulders rounded but well defined.

Sculpture of earlier whorls of type specimen
seen only in the umbilicus, where it consists of
large blunt conical nodes, seven to the whorl.
On the last whorl of the type faint coarse ribs
connect the umbilical nodes and a faint flatten-
ing on the venter seems to correspond to the
space between the marginal nodes of the
younger stages.

The suture shows a fairly broad ventral lobe
and four lateral lobes and saddles, only mod-
erately incised. The first lateral lobe is bluntly
pointed, and the first lateral saddle is trifid.

A very large specimen (see P1. XIIT, figs. 1-2;
Pl X1V, figs. 1-2) assigned to this species has
8 maximum diameter of 260 millimeters and
is apparently almost complete. The inner
whorls are poorly preserved. The living cham-
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ber occupies three-fourths of a whorl; the
aperture is not preserved. The suture of this
specimen has wider saddles than those of the
suture of the type but is otherwise like it.
The umbilical nodes and obscure ventral ribs
persist to the end of the specimen.

A small specimen assigned to this species
(see Pl. XV, figs. 1-7) shows the sculpture and
form of the stages following that at the dia-
meter of 25 millimeters. The. whorls to a
diameter of about 40 millineters are as high as
wide and have strong rounded ribs that begin
at the umbilical nodes, pass with a slight
forward curve to the margin of the venter,
where they form an elongated, poorly defined
node, and then continue unbroken across the
venter. Two or three ribs start from each
umbilical node, and there are some inter-
calated ribs. On the half whorl from the
diameter of 25 millimeters to the diameter of
40 millimeters there are four umbilical nodes
and 15 ventral ribs. Above the diameter of 40
millimeters the ribs are less and less distinct on
the venter, and at the diameter of 75 milli-
meters there are only indistinct folds. The
umbilical nodes, however, remain large and
blunt. The suture is much like that of the
type.

A fourth specimen (see Pl. XVI, figs. 1-6),
about the size of that just described, is assigned
with some doubt to this species. The sculpture
is much weaker than on thespecimen just
described and less than one would expect to
find on the type at the same size. The cross
section of the whorl is somewhat more de-
pressed, and the suture is more incised. The
specimen is closer to V. thomi. than to the
other species described in this paper and is
therefore attached to it.

Vascoceras thomi may be recognized by its
well-rounded venter and relatively high whorls.
It differs from V. moultoni Reeside in possessing
more elevated whorls and in sutural details;
from V. stantoni Reeside in its much more
elevated whorls and less angular umbilical
shoulder It suggests somewhat V. silvanense
Choffat ® but is apparently a much larger species
and has a wider umbilicus and a different
suture. It also suggests V. adonense Choffat?

6 Choffat, Paul, Les ammonées du Bellasien, des couches & Neolobite
vibrayeanus du Turonien, et du Sénonien: Faune crétacique du Portugal,
vol. 1, ser. 2, p. 57, pl. 8, fig. 5; pl. 21, fig. 9, 1898.

7 Idem, p. 59, pl. fig. 9, 3; pl. 21, fig. 12.
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but differs in the retention of the tubercles,
in the form of the umbilicus, and in suture.

' Vascoceras moultoni Reeside, n. sp.
Plate XVII, figures 1-2; Plate X VIII, figures 1-2.

Shell stout, coronate. Earliest stage seen in
the single specimen available is at diameter of
80 millimeters. Whorl has broad, depressed-
oval cross section. Width of umbilicus more
than half the diameter of the shell. Umbilical
shoulder bluntly rounded. Living chamber
and aperture unknown.

Sculpture of the wvisible whorls consists
chiefly of large blunt conical nodes on the
umbilical shoulders; umbilical wall smooth;
venter smooth except for ill-defined broad,
low ribs connecting the nodes.

Suture little incised; the lobes long and
slender, the saddles rather broad and open;
first lateral lobe pointed; first lateral saddle
trifid.

Vascoceras moultom may be recognized by
the depressed-oval form of the cross section
of the whorl and the relatively simple suture.
It has a broader, more depressed whorl and
simpler suture than V. thomi Reeside and a
rounded rather than a subangular umbilical
shoulder as in V. stantoni Reeside. It resem-
bles some of the forms assigned in the litera-
ture to V. douwvillei Choffat but is distinct
from all of them in the persistence of the
umbilical tubercles and in the suture.

Vascoceras stantoni Reeside, n. sp.

Plate XIX, figures 1-2; Plate XX, figures 1-3; Plate XXTI,
figures 1-3.

Shell stout; coronate. Earliest stage seen,
at diameter of 35 millimeters, has whorl with
depressed-ovate cross section. The form of
the cross section changes little to the stage
at diameter of 100 millimeters but thereafter
becomes a broad pentagon. Width of umbili-
cus about half the diameter of the shell; um-
bilical shoulders subangular. Type entirely
septate.

Sculpture of the ‘whorl at diameter of 35
millimeters consists of coarse rounded ribs
starting in pairs from a high conical umbilical
node, passing to the margin of the venter,
where they form blunt elongated nodes, and
" then continuing unbroken across the venter.
There are four umbilical nodes and perhaps 10
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ventral ribs on the half whorl succeeding the
diameter of 35 millimeters. At the diameter
of 70 millimeters, a whorl later, the whorl is
smooth except for the umbilical nodes, and it
remains so in all the later stages seen.

The suture shows four lateral lobes and
saddles, moderately incised. The first lateral
lobe is pointed, and the first lateral saddle
trifid.

Two other specimens assigned to thls species
show a much later stage of growth than the
type. The better preserved though less com-
plete specimen (see Pl. XXI, figs. 1-3) would
have measured about 275 millimeters in diam-
eter. Ithas the same form of the whorl as the
type and preserves even at so late a stage the
umbilical tubercles and traces of the ventral
ribs. The suture of this specimen was not
seen.

Vascoceras stantoni may be recognized by its
broad whorls with depressed pentagonal cross
section and subangular umbilical shoulders.
In the early stages it is not greatly different
from V. thomi Reeside except that the ribs
are finer, but in the later stages it departs
sharply from that species in the form of the
whorl. It differs from V. moultoni Reeside in
its subangular umbilical shoulders and in
sutural details. It is perhaps closest to V.

‘harttiformis Choffat ® in its general form but

differs in the persistence of the umbilical
nodes, in the greater width of the umbilicus,
and in the suture.
Vascoceras sp.
Plate XX, figure 4.

The young stages of these American species
of Vascoceras seem to be missing in most of the
specimens in hand. One rather poorly pre-
served mold shows the exterior of younger

whorls than any of the other specimens and is
therefore figured.

Genus PSEUDOTISSOTIA Peron.
Subgenus CHOFFATICERAS Hyatt.
Pseudotissotia (Choffaticeras) sp.?
Plate XTI, figures 3-6.

A single small specimen of an ammonite
with sharp venter was obtained in cleaning the

8 Choffat, Paul, op. cit., p. 53, pl. 12, fig. 3; pl. 13, ﬁgs 3-6; pl. 21, figs.
22-24, 1898.
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umbilicus of one of the large specimens of
Vascoceras. This small specimen is nearly
complete, preserving three-fourths of the last
whorl unseptate, although only 13 millimeters
in greatest diameter. The shell is very much
compressed, discoidd. The flanks of the whorls
curve evenly from the umbilicus to the ventral
keel. The umbilicus is moderately wide, about
one-fourth the diameter of the shell, and the
umbilical margin is rounded. The entire shell
is smooth, without any trace of ribs or nodes.
The suture is well preserved and very simple.
It shows a very broad ventral lobe, a broad
first lateral saddle with two incipient marginal
lobes, a broad first lateral lobe with a sugges-
tion of an incipient marginal lobe on the outer
side, a simple second lateral saddle and lobe,
and one auxiliary saddle and lobe.

The generic assignment of this little ammo-
nite is uncertain. On the basis of Hyatt’s fig-
ures of the sutures of young Metengonoceras
and Coelopoceras ® it could scarcely belong to
those genera of sharp-ventered ammonites,
both of which are known to occur in the
Colorado group of the Interior province of
North America. Of other genera its suture
appears to be proportioned more like that of
Pscudotissotia than of any other genus, and it
is therefore tentatively assigned to Pseudo-
-tissotia and to the subgenus Choffaticeras be-
cause it shows no trace of ventrolateral keels
or nodes.

9 Hyatt, Alpheus, Pseudoceratites of the Cretaceous: U. S. Geol. Sur-
vey Mon. 44, pl. 10, figs. 10-12; pl. 27, fig. 13, 1903.
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Helicoceras pariense White?
Plate XX, figures 5-6.

A single fragment of a small cephalopod
that appears to have had an open coil in a
single plane was uncovered in preparing the -
type of Vascoceras thom:i. It suggests very
strongly young Helicoceras pariense White, '
though the specimen is insufficient to warrant
an unquestioned assignment to that species.
The suture is not visible, but the form and
sculpture agree closely with those of the
specimen figured by Stanton.

Hyatt " referred Helicoceras pariense White
to his genus Exiteloceras, but the writer prefers
to use the more general name here.

Inoceramus labiatus (Schlotheim).
Plate X1V, figures 3-5.

A number of specimens of this widespread
species accompany the other fossils of the
collection. They are mostly of small size
but do not depart in any way from typical
shells from other localities.

Inoceramus sp.
Plate XIV, figure 6.

A single small specimen of a relatively
coarse-ribbed, transversely elongated species
of Inoceramus is contained in the collection. It
resembles in some respects several different
species but is hardly sufficient for certain
identification.

10 Stanton, T. W., The Colorado formation and its invertebrate fauna:
U. 8. Geol. Survey Bull. 106, p. 164, pl. 35, figs. 2-4, 1893.

1 Hyatt, Alpheus, The phylogeny of an acquired characteristic:
Am. Philos. Soc. Proc., vol. 32, p. 577, 1894.
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U. 8. GEOLOGICAL SURVEY PROFESSIONAL PAPER 132 PLATE XI

FOSSILS FROM THE COLCRADO GROUP OF SOUTHERN MONTANA.

Vascoceras thomi Reeside, n.sp. Type specimen (U. S. Mat. Mus. catalog No. 32535). 1, Side view; 2, rear view,
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FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

1-2. Vascoceras thomi Reeside, n. sp. Type specimen (U. S. Nat. Mus. catalog No. 32535). 1, Cross section at diameter of 165 millimeters;
2, suture at diameter of 100 millimeters.
8-6. Pseudotissotia (Choffaticeras) sp.? 8, Side view; 4, rear view; 5, front view; 6, suture. (U.S. Nat. Mus. catalog No. 32541.)
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T X Y2
FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

Vascoceras thomi Reeside, n.sp. 1, Side view; 2, rear view. (U.S. Nat. Mus. catalog No. 32536.)
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FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

1-R. Vascoceras thomi Reeside, n. sp. 1, Cross section of whorl at diameter of 200 millimeters; 2, parts of three sutures at diameter of 150 milli-
meters of specimen shown on Plate XIII. (U.S. Nat. Mus. catalog No. 32536.)
3-5. Inoceramus labiatus (Schlotheim). (U.S. Nat. Mus. catalog Nos. 32540 and 32543.)
6. Inoceramus sp. (U. 8. Nat. Mus. catalog No. 32542.)
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1

FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

Vascoceras thomi Reeside, n.sp. 1, Side view of outer whorl; 2, rear view of outer whorl; 3, side view of inner whorl; 4, rear view of inner whorl;
5, cross section at diameter of 75 millimeters; 6, suture at diameter of 55 millimeters; 7, suture at diameter of 30 millimeters. (U. S. Nat.
Mus. catalog No. 32536.)



U. S. GEOLOGICAL SURVEY

PROFESSIONAL PAPER 132 PLATE XVI

e Il FORIREE R S e e S SN AL LR

6

I
|

FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

Vascoceras thomi Reeside,n.sp. 1-3, Entire specimen; 1,side view; 2,rear view; 3, front view; 4, rear view with part of outer whorl removed;
5, cross section at diameter 0170 millimeters; 6, suture at diameter of 60 millimeters. (U.S. Nat. Mus. catalog No. 32536.)
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i
FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

Vascoceras moultoni Reeside, ii. sp. Type specimen (U. 8. Nat. Mus. catalog No. 32537). 1, Side view; 2, rear view,
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FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

Vascoceras moultoni Reeside, n. sp. Type specimen (U. S. Nat. Mus. catalog No. 32537). 1, Cross section of whorl at diameter of 150 millimeters;
2, suture at diameter of 110 millimeters.
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FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

Vascoceras stantoni Reeside, n. sp. Type specimen (U. S. Nat. Mus. catalog No. 32532). 1, Side view of whole specimen; 2, front view with part of outer whorl removed.
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FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

1-3. Vascoceras stantoni Reeside, n. sp. Type specimen (U. S. Nat. Mus. catalog No. 32532). 1, Cross section at diameter of 150 millimeters,
2, suture at diameter of 90 millimeters; 3, suture at diameter of 40 millimeters
4. Vascoceras sp. Side view of squeeze showing young whorls. (U. S. Nat. Mus. catalog No. 32538.)
5-6. Helicoceras pariense White? 5, Side view; 6, rear view. (U. S, Nat. Mus. catalog No. 32539.)
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FOSSILS FROM THE COLORADO GROUP OF SOUTHERN MONTANA.

Vascoceras stantoni Reeside, n. sp. 1, Side view; 2, rear view; 3, cross section, slightly reduced, at diameter of 249 millimeters. (U. 8, Nat. Mus.
catalog No. 32533.)



NOTES ON THE GEOLOGY OF GREEN RIVER VALLEY BETWEEN GREEN
RIVER, WYOMING, AND GREEN RIVER, UTAH.

By Joan B. Reesipg, Jr.

INTRODUCTION.

During July, August, and part of September,
1922, I had the privilege of accompanying a
party sent out jointly by the Utah Power &

Light Co. and the United States Geological ||

Survey to gather such data as were still needed
to complete a study of the power resources of
Green River between Green River, Wyo., and
Green River, Utah. The chief deficiency to be
supplied was a continuous topographic map
of the valley in sufficient detaill to permit
calculation of the storage capacity of any
reservoir site that might be used, the stream
gradient, and similar features. Maps on a
satisfactory scale of a number of isolated
stretches of the river had already been made
by public or private agencies, and it was
necessary to verify them and connect them
on a uniform datum. Inasmuch as it was
deemed unlikely that a dam higher than 300
feet would be constructed anywhere on the
part of the river to be examined, a plane
300 feet above the water surface was made the
upper limit of mapping. Over such parts of
the valley as had been mapped already the
progress of the party was naturally very
rapid, and even where no mapping had pre-
viously been done, the 300-foot limit set upon
the work and the usual narrowness of the valley
combined to reduce the extent of the area
to be mapped, so that the speed maintained
was relatively high. Under this condition of
rapid movement it was seldom possible to
make more than the most cursory examination
of the rocks, though occasionally circumstances
permitted more or less detailed observation.
The notes here recorded are therefore mostly
of a rather generalized character, but as they
pertain in part to localities that are difficult
of access and not often visited by geologists,
and that are at the same time classic in the

history of American geology, I venture to
to record them for whatever value they may
have to other geologists.

GEOLOGIC NOTES.

Green River, Wyo., to the mouth of Henrys
Fork.—Most of the part of Green River valley
lying between Green River, Wyo., and Henrys
Fork is cut in rocks assigned to the Green
River formation (lower Eocene). This for-
mation includes a lower division of whitish,
gray, and greenish fissile shale, light-colored
limestone, and sandstone and an upper di-
vision of massive, irregularly bedded brown
sandstone with some sandy limestone and
shale—the ‘“Tower sandstone’’ and ‘“plant
beds” of Powell.! Over much of the way the
“Tower sandstone’’ caps the bluffs along the
river, and the gray mass of shaly beds be-
neath it forms steep slopes. The dips of the
beds are low, usually so low that they are not
apparent to the eye.

As the mouth of Henrys Fork is approached
the influence of the Uinta uplift shows in the
appearance of an appreciable northward dip.
About 6 miles above the mouth of Henrys
Fork this dip increases very much, and the
river, running nearly across the strike of the
beds, quickly passes out of the Green River
formation into the beds mapped by Schultz 2
as Wasatch formation (lower Eocene). These
beds consist of white to brown sandstone, gray
shale, and red shale and are said to contain
some coal.

From the Wasatch exposures the river
passes through beds that dip 40°-50° N. and
have been assigned by Schultz ? to the Lewis

1 Powell, J. W., Report on the geology of the eastern portion of the
Uinta Mountains, pp. 40, 45, U. S. Geol. and Geog. Survey Torr., 1876.

2 Schultz, A. R., Oil possibilities in and around Baxter Basin, in the
Rock Springs uplift, Sweetwater County, Wyo.: U. 8. Geol. Survey
Bull. 702, pl. 1, fig. 3, 1920.
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'GEOLOGY OF GREEN RIVER VALLEY, WYOMING AND UTAH.

shale, Mesaverde formation, and Hilliard shale
(all Upper Cretaceous). These beds are not
very well exposed immediately adjacent to the
river, and I had no opportunity to study the
exposures lying at some distance from the
river bank. The Hilliard shale, viewed from a
distance of perhaps a mile, appears to be a
normal dark-gray marine shale such as one
would expect to find in this region. Near the
mouth of Henrys Fork the dip is nearly vertical.

Boars Tusk ridge.—The north flank of the
Boars Tusk, a sharp ridge running southeast-
ward from the river just below the mouth of
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mations, is overturned to the northeast in the
lower Beckwith and Twin Creek, and appears
to be nearly vertical in the basal sandstone of -
the Nugget and the underlying red beds.
Schultz ® gives the thickness of the formations
here as follows: Frontier formation, 125 feet;
Aspen shale, 135 feet; Beckwith formation,
850 feet;* Twin Creek limestone, 140 feet;
Nugget sandstone, 1,000 feet; 5 Ankareh shale,
300 feet; Thaynes (?) formation, 290 feet; and
Woodside shale, 500 feet.

The Frontier formation here, as understood
by the writer, consists of a massive brown

109°30"

1 Z MILES

Figure 3.—Map showing Green River betweeu the mouth of Henrys Fork and the mouth of Skull Canyon, Daggatt County, Utah. Shows also
location of section presented in Figure 5 (line A-B). Adapted in part from Marsh Peak topographic map.

Henrys Fork, shows at the base the sandstone
assigned by Schultz? to the Frontier forma-
tion; above it, topographically, the beds as-
signed to the Aspen shale (Upper Cretaceous),
the Beckwith formation (Jurassic and Creta-
ceous ?), the Twin Creek limestone (Jurassic),
and the Nugget sandstone (Jurassic). The
south slope shows the red beds assigned by the
same author ? to the Ankareh shale (Triassic?),
Thaynes (% formation (Lower Triassic), and
Woodside shale (Lower Triassic). The dip is
nearly vertical in the Frontier and Aspen for-

2 Schultz, A. R., Oil possibilities in and around Baxter Basin, in the
Rock Springs uplift, Sweetwater County, Wyo.: U. 8. Geol. Survey
Bull. 702, pl. 1, fig. 3, 1920.

coarse-grained cross-bedded quartzose sand-
stone with some thin included lenses of car-
bonaceous shale and, as nearly as can be deter-
mined, is about 100 feet thick. The Aspen
shale is a blue-white porcelaneous platy shale
containing an abundance of imprints of fish
scales. It is the lithologic equivalent of the
Mowry shale of the region to the east and north
in Colorado and Wyoming. The thickness

8 Schultz, A. R., op. cit., table opposite p. 36, pp. 73-78, and fig. 3. .
41n the table opposite p. 36 and in fig. 3 Schultz gives this thickness
as 1,500 feet, but on p. 76 it is given as 850 feet, which I believe to be -

correct.

6 In the table opposite p. 35 and in fig. 3 Schultz gives this thickness
as 1,600 feet, but on p. 78 it is given as 1,000 feet, which I believe to be
correct.
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seemed to be about 225 feet, but the exposures
are not entirely satisfactory, and it is possible
that part of the interval should go into the
Frontier formation. Immediately above the
Aspen shale in the slope, but below it, in
stratigraphic position, is a coarse brown con-
glomeratic sandstone. This sandstone is the
topmost member of the Beckwith formation
of Schultz, but from its lithologic constitution
and its position it would be called the Cloverly
formation in Wyoming or the Dakota sand-
stone at many other localities in the Rocky
Mountain region. The pebbles in the con-
glomeratic parts are mostly of white and gray
chert and are as much as an inch in diameter.
The thickness of the sandstone is 150 feet.

: 100" :
FIGURE 4.—Section of north slope of Boars Tusk ridge, Daggett County, Utah.

" Above the sandstone in the slope, but below
it stratigraphically, lies a mass of highly
colored, variegated shale and soft sandstone
about 300 feet thick, which strongly resembles
the Morrison formation of eastern Colorado
and central Wyoming. These beds form a
slope and at most places are not well exposed.
The next higher bed in the slope is a second
conglomeratic sandstone 50 feet thick, above
which more colored shale and soft sandstone,

about 300 feet thick and not very well exposed
~ at most places, constitute the basal member
of Schultz’s Beckwith formation. Above the
colored shale last mentioned (below it strati-
graphically) lie gray limestone and gray cal-
careous shale. Some of the limestone layers
are fairly massive, but most of them are thin
" and platy. Rhynchonella gnathopora Meek and
Ostrea strigilecula White were noted, but the
beds would undoubtedly yield many more
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species on careful search. This calcareous
unit is the Twin Creek limestone of Schultz
and is about 75 feet thick. Above the Twin
Creek beds in the slope lie red shale 100 feet
thick, then a yellow sandstone about 100 feet
thick, then about 300 feet of beds that are not
well exposed but seem to consist largely of
sandstone interbedded with layers of red shale,
all of which together with the overlying sand-
stone were referred to the Nugget sandstone
by Schultz. Above these beds and constituting
the comb of the ridge is the massive white,
brown, or reddish sandstone forming the base
of the Nugget. (See figs. 4 and 7.)

I did not examine the Nugget sandstone and
older beds in Boars Tusk ridge with any care
and made few notes on them. Thebasal
member of the Nugget sandstone is a
thick, massive cross-bedded sandstone
that resembles both the sandstone
in the lower part of the Sundance for-
- mation in Wyoming and the Jurassic
sandstone of southern Utah. The red
beds were not well exposed in the only
place where I crossed them—the gap
between Skull Canyon and the drain-
age north of the ridge. At this local-
ity the red beds are cut off below by
the great Uinta fault, which extends
for miles along the northern edge of
the Uinta Mountain uplift. The beds
on the south side of the fault are the
much older beds described below as the ““ Uinta
formation,” the formations normally occurring
between the red beds and the “Uinta forma-
tion”” having been displaced by the fault.
(See fig. 5.)

It seems hardly possible that the Frontier
formation, the Aspen shale, and the uppermost
part of the Beckwith formation of Schultz are
the exact equivalents of the Frontier, Mowry,
Thermopolis, and Cloverly formations in Wyo-
ming, but the similarity of lithologic succession
is striking. - That the beds in the Beckwith
formation of Schultz that resemble the Morri-
son formation are equivalent to that formation
is placed beyond doubt by the occurrence of a
large fauna of Morrison dinosaurs in beds at
the same stratigraphic position near Jensen,
Utah. The Twin Creek limestone of Schultz
is beyond question equivalent to the upper,
calcareous zone of the Sundance formation of
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central Wyoming. These calcareous beds with
the beds below them, down probably to the
base of the Nugget sandstone, I consider to
represent the interval usually included in the
Sundance formation in central Wyoming.
Flaming Gorge, Horseshoe Canyon, Neilsons
Flat, and Kingfisher Canyon.—In Flaming
Gorge the conspicuous rocks are the rim of
Nugget sandstone' and the slopes of red beds
(Ankareh, Thaynes (?), and Woodside forma-
tions of Schultz). At the lower end of the
gorge the river passes across the trough marking
the outcrop of the rather soft and unresistant
upper part of the Park City formation (Per-
mian and Pennsylvanian) into the box canyon
cut in the lower part of the Park City forma-
tion and the Weber sandstone (Pennsylvanian)
and named by Powell Horseshoe Canyon.
From Horseshoe Canyon the river passes back
into the trough of Park City beds, where a low
area ncar the river is known as Neilsons Flat.

¥ ‘L?‘
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noted by Schultz.® The beds next below the
unconformity are darker in color—a brick-
red—and weather differently, their surface
having a sort of network sculpturing due to
small regularly arranged cavities, whereas the
surface of the upper beds is fairly smooth. The
lower beds are nearly all sandstone and are
clearly the Thaynes (%) formation of Schultz.
The typical Thaynes formation,” near Park
City, is essentially a calcareous formation with
gray limestone and sandstone, but there is
nothing of the sort to be seen here. Beneath
the cliff of Thaynes (%) formation lies a long
slope underlain by light brick-red sandy shale
and soft sandstone and broken near the base
by some harder layers that form small benches
and by some gray layers interbedded with the
red. This unit is evidently the Woodside
shale of Schultz and corresponds in a general
way to the description of the typical Woodside
shale near Park City.®

Elevation
7,000

“Uinta formation"”

2 MILES

Figure 5.—Cross scction of ridge cast of Boars Tusk ridge, Daggett County, Utah. See Figure 3 for location.

TFrom Neilsons Flat the river passes into a sec-
ond box canyon cut in Weber sandstone and
named by Powell Kingfisher Canyon. King-
fisher Canyon is cut off at its lower end by
the Uinta fault mentioned above, though here
the surface trace of the fault has passed over
into older beds and the Weber sandstone lies
in contact with the ‘“Uinta formation.” (See
fig. 3.) .

The area including the localities just men-
.tioned is a geologic unit, and the geographic
divisions are made by sharp turns in the river.
The Nugget sandstone forms a cliff running
northeastward and lying to the north and
northwest of the area. Beneath it the Ankareh
shale of Schultz is composed of dark salmon-
red sandstone and shale with a minor propor-
tion of yellowish beds. The upper part of the
formation appears to contain softer rock and
forms a slope, but the lower part is harder and
forms a bench. The formation is bounded at
the base by a very irregular, wavy surface of
erosion that I take to be the unconformity

Schultz gives the thickness of the formations
as follows: Ankareh, 300 feet; Thaynes, 290
feet; Woodside, 500 feet. I did not make any
measurements but believe these figures to be
about right. (See fig. 6.)

Boutwell ° gives the thickness of the Ankareh
formation at its typical locality near Park City
as over 1,150 feet, the Thaynes formation as
1,290 feet, and the Woodside shale as 1,090
feet. If the beds assigned to these formations
near Green River are really equivalent to the
typical divisions near Park City, the -differ-
ences between them and the typical develop-
ment as described by Boutwell must be
ascribed to some such change in passing east-
ward from Park City as occurs in southern
Utah in the Moenkopi formation, also of Tri-

6 Schultz, A. R. Oil possibilities in and around Baxter Basin, in the
Rock Springs uplift, Sweetwater County, Wyo.: U. S. Geol. Survey
Bull. 702, tables opposite pp. 24 and 36, 1920.

7 Boutwell, J. M., Geology and ore deposits of the Park City district,
Utah: U. S. Geol. Survey Prof. Paper 77, pp. 55-88, 1912.

e Idem, pp. 52-54.

¢ Idem, pp. 52, 56, 58.
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assic age.'® The Moenkopi formation thins
eastward, and the proportion of limestoneé to
noncalcareous beds decreases rapidly in the
same direction. The Ankareh formation sug-
gests, in its position beneath the Nugget and
its unconformable relation to the underlying
beds, the Jelm formation ** of southern Wyom-
ing, which lies beneath the basal Sundance

sandstone and is unconformable on the under-

lying Chugwater red beds. The Chugwater
beds are in turn much like the combined
Thaynes (%) and Woodside formations of Green
River valley.

The Park City formation lies beneath the
Woodside shale and is only indistinctly sepa-
rated from it. It is described by Schultz 2 as

Ankareh shale
of Schulltz

Woodside
shale
500'

Park City
ormation

2
(upper‘p‘%u;[;) v 3
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calcareous.” It stands in cliffs along the river at
most places where it is exposed. Schultz gives
the thickness along Green River as 1,600 feet.

Hideout and Red Canyon.—Hideout is a
rather open area between Kingfisher Canyon
and Red Canyon. It is perhaps .a mile in
length measured along the river and affords
relatively easy access to the river on either
bank. Red Canyon may 'be considered to
extend down the river from Hideout to a point
several miles below Red Creek, though it might
equally well be considered .to end at or above
Red Creek. The height and inclination of the
canyon walls varies very much—so much, in
fact, that perbaps the only uniform character
is"the constituent rock, the mass of dark-red

Massive white
to brown sand-
stone :

Red and gray
sandstone and shale

Salmon-colored
sandstone

sandbone

Brick-red
sandstone

.| Light brickered
slhgales glr‘rd soft
sandstones

FIGURE 6.—Diagrammatic sketch of bluff northwest of Neilsons Flat, Daggett County, Utah.

containing near Flaming Gorge.in the upper
part a gray calcareous shale or shaly limestone
200 feet thick, underlain by a massive cherty
limestone 25 feet thick, a phosphate-bearing
shale, with chert nodules, 40 to 50 feet thick,
and a basal member of massive limestone 100
feet thick resting unconformably on the Weber
sandstone. These subdivisions are recogniza-
ble without difficulty and maintain very nearly
the thicknesses given.

The Weber sandstone js a very massive,
resistant brown sandstone, probably in part

10 Reeside, J. B., jr., and Bassler, Harvey, Stratigraphic sections in_

southwestern Utah and northwestern Arizona: U. S. Geol. Survey Prof.
Paper 129, pp. 59-61, 1922, .

1 Knight, C. W., Age and origin of the red beds of southeastern Wyom-
ing (abstract): Geol. Soc. America Bull., vol. 28, p. 168, 1917.

12 Schultz, A. R., A geologic reconnaissance of the Uinta Mountains,
northern Utah: U. S. Geol. Survey Bull. 690, p. 52, 1918; Oil possibilities
in and around Baxter Basin, in the Rock Springs uplift, Sweetwater
County, Wyo.: U. 8. Geol. Survey Bull. 702, tables opposite pp. 24 and
36, 1920. .

to red-brown sediments called by Powell ** the
“Uinta group” and by most later geologists
the “Uinta quartzite’’ or “Uinta formation,”
though by King and Emmons mistakenly
identified as Weber sandstone. The name
Uinta is more correctly applied to the very
much later Tertiary formation that occurs in
the Uinta Basin, to the south of the mountains,
but as no other acceptable name has been
given to the older unit the name ““ Uinta forma-
tion’’ will be used with quotation marks for it
in the present description. :
The “Uinta formation,” the only one ex-
posed in Red Canyon, is a succession of deep-
red to maroon resistant sandstone and con-
glomerate, with lesser amounts of hard red
shale. The sandstone is usually dense and is
13 Powell, J. W., Report on the geology of the eastern portion of the

Uinta Mountains, pp. 41, 61, 141, U. 8. Geol. and Geog. Survey Terr.,
1876.

[
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in places changed to a true quartzite in which
individual grains are not easily distinguished;
locally the color is a deep brown. The shale
at some places is greenish.” The beds in'the
upper part of Red Canyon contain more shaly
beds proportionately than those in the part
farther downstream, though there are some
massive beds throughout. its length. The
canyon walls at many places are débris-covered
slopes; at others, cliffs of bare rock. Powell
gives the thickness of the “Uinta group” as
more than 12,000 feet, and most later writers
quote his figures. I had no opportunity to
estimate or measure the thickness, but 1t is
certainly very great.

No fossils have been recorded from the
“Uinta formation,” and it has been assigned
by various writers to the Devonian, Carbonif-
erous, Cambrian, and pre-Cambrian. I can

add nothing regarding the age of the formation

except that search at many places for features
that would aid in fixing the age revealed only
obscure trails, mud cracks, and raindrop
impressions, of no esvecial value for this
purpose.

Browns Park and Swallow Canyon.—The
open valley between Red Canyon and Lodore
Canyon, called Browns Park, affords few good
exposures near the river, and as it had already
been mapped the party’s passage through it
was too rapid even to see much of those. One
exposure of soft dove-gray shale or clay not
far below the upper end of the park is probably
late river-terrace material, though as far as
lithology goes it might equally well be of Ter-
tiary. age. Other exposures of brown sand-
stone are probably part of the late Tertiary
Browns Park formation.!* Swallow Canyon,
on the south side of Browns Park, is a relatively
shallow canyon cut through the “Uinta forma-
tion” by a 4-mile loop of the river which
abruptly leaves the soft valley deposits to
plunge into the hard sandstone beds and as
abruptly returns to the valley.

Lodore Canyon.—From Browns Park the
stream passes again into exposures of “Uinta
formation’ in the deep, narrow course of
Lodore Canyon. These exposures differ in
no essential respect from those in Red Canyon.
The formation has perhaps fewer soft layers,

and the walls stand at high angles with but-

U Powell, J. W., op. cit., pp. 40, 44, 168.
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little débris upon them. For the first 12
miles of the canyon, approximately, no rocks
except this formation are visible. Then there
appears at the top of the canyon walls the
first of the post-“Uinta” formations, the
Lodore group of Powell.’® This gradually
descends down stream until at a point near the
mouth of Alcove Creek it reaches river level.
Above the Lodore ‘““group,” or Lodore forma-
tion, as it would now be called, appear the
beds designated by Powell “Redwall group,”’
“Lower Aubrey group,” and “Upper Aubrey
group.”’® These divisions ~probably corre-
spond closely to the Mississippian limestone,
Pennsylvanian limestone, and combined Weber
sandstone and Park City formation of Schultz."

The Lodore formation, as I interpreted it,
contains a flaggy basal sandstone of salmon
color that is sharply separated from the
underlying “Uinta formation” by an un-
conformity representing an erosion interval.’®
This basal sandstone is overlain by a succession
of variegated red, purplish, and green sandy
shales and thin sandstones. Possibly there
are some thin limestone beds at the top that
should also be included in the Lodore formation,
though I tentatively put all the limestones
into the next higher unit. The shale unit is
softer than the underlying beds and the
succeeding Carboniferous limestone and makes
a marked slope. The basal sandstone is
about 150 feet thick and the shale unit about
300 feet thick. Powell gives 460 feet as the
thickness of his Lodore ‘“group,” and the
round figure of 500 feet is cited by most later
writers. No fossils have been recorded from
the Lodore formation but it is supposed by
recent writers to be Cambrian, both from its
position in the section and its resemblance to
beds in the Tonto group of the Grand Canyon.
The Carboniferous fossils noted by Powell on
page 56 of the report cited were very probably
out of place.

The beds designated by Powell “Redwall
group” and “Lower Aubrey group” include in
the lower part much massive cream-colored to
brown cherty limestone very similar to the
Madison limestone (lower Mississippian) of

15 Powoll, J. W., op. cit., pp. 41, 56, 147.

16 Jdem., pp. 41 54-55, 147-149.

17 Schultz, A. R., Oil possibilities in and arou.nd Baxter Basin, in the
Rock Springs uphft Sweetwater County, Wyo.: U. S. Geol. Survcy
Bull. 702, table opposite p. 36, 1920.

18 Powell, J. W., op. cit., pp. 144-145.



42

central Wyoming; and in the upper part a
succession of red, pink, and purplish shale and
sandstone and gray and pinkish limestone, all
in relatively thin layers and as a mass much
like the beds commonly assigned to the Ams-
den formation (Pennsylvanian and upper Mis-
sissippian) in central Wyoming. I estimate
the thickness of the upper and lower divisions
as 1,000 to 1,200 feet each.

Above the beds of Powell’s “Lower Aubrey
group’’ comes the Weber sandstone, here as
in Horseshoe and Kingfisher canyons a very
massive, much cross - bedded yellow - brown
quartzose sandstone that rises in sheer un-
broken walls for hundreds of feet. '

At the extreme lower end of Lodore Canyon,
just at the edge of Echo Park, a fault, visible
on the right bank of the river and striking in a
direction somewhat east of north, brings the
lower part of Powell’s “Redwall group’ into
contact with the extreme top of his “Lower
Aubrey group.” The extension of this same
‘fault southward is clear in Mitten Park and the
basin of Pool Creek. (See below.)

Echo Park, Pool Creek, and Mitten Park.—
Green River, on leaving Lodore Canyon, follows
for some miles a course shaped like a narrow U
with the open end to the north. The east
limb of this U receives Yampa River from the
east, and the bend receives Pool Creek from
the south. The narrow open bottom adja-
cent to the mouths of these streams is Echo
Park or Pat’s Hole. Farther downstream, at
the top of the west limb of the U, another small
open bottom is known as Mitten Park. From
Mitten Park the river passes abruptly into
Whirlpool Canyon.

Echo Park is walled in by sheer cliffs of
Weber sandstone, which likewise forms Steam-
boat Rock, the great mass that fills the area in
the center of the U. The lower course of Pool
Creek is a narrow box canyon, likewise in the
Weber sandstone, though in about 2 miles the
creek bed rises above it, through the Park City
beds, and runs upon red beds. These red beds
lie in a small basin bordered on the west by
the fault mentioned above and possibly by
another on the south. The Woodside shale
appears to be much as on the north side of the
mountdins, and- the Thaynes (?) about the
same except for the occurrence of some heavy
beds of brown sandstone. I believe that. the
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supposed Ankareh and later beds have been
removed here by erosion.

In Mitten Park the rocks are tilted to a high
angle in proximity to the fault and are even
overturned. The downthrow is on the east
and the upthrow on the west, bringing above
the river level several hundred feet of the up-
per part of the “Uinta formation.”

I made no estimate of thicknesses in this
region, though the Weber sandstone is cer-
tainly in excess of 1,000 feet.

Whirlpool Canyon.—At the upper end of
Whirlpool Canyon the uppermost several hun-
dred feet of the “Uinta formation” appears
west of the fault described above. The normal
succession of formations appears above it—Lo-
dore formation, ‘“Redwall group,”” and ‘‘ Lower
Aubrey group.” The Lodore formation has
about the same constitution and thickness as
in Lodore Canyon; likewise the lower Madison-
like part of Powell’s divisions and the upper
Amsden-like part. The irregular contact of
the Lodore formation on the ‘“Uinta forma-
tion” is especially well shown. The forma-
tions dip downstream, and at the lower end of
the canyon the Weber sandstone appears. It
is bent sharply downward and cut off by a
fault, which runs about parallel to that of the
upper end, with the downthrow on the west
and the upthrow on the east.* Whirlpool
Canyon therefore seems to cross an uplifted
fault block, with the Mitten Park fault on
the east and. the Island Park fault on the
west.

Island Park.—The area along the river be-
tween Whirlpool Canyon and Split Mountain
Canyon is divided by the local residents and
on some maps into three small parks. These
are merely large bottoms separated by low
ridges and are called, in order downstream,

Island Park, Rainbow Park, and Little Park.

The rocks of this area, often called as a whole -
Island Park, lie in an unsymmetrical syncline
with axis plunging a little south of east and
with the eastern tip truncated by the fault at
the eastern edge of Island Park. The forma-
tions present extend from the Weber sand-
stone to the Hilliard shale, inclusive. The
character of the rocks is best shown in the
following section:

19 See Schultz, A. R., A geologic reconnaissance of the Uinta Moun-
tains, northern Utah: U. S. Geol. Survey Bull. 690, pi. 5, 1918.



GEOLOGY OF GREEN RIVER VALLEY, WYOMING AND UTAH. 43

Section measured in Island Park.
[See also fig. 7.]

Measured northwest of Rainbow Park.

Hilliard shale.
Frontier formation of Schultz:

Sandstone, massive, gray to yellow.........

Shale, yellow, sandy. .....................

Sandstone, massive, gray to yellow.........

Shale, yellow to gray, in part sandy.........

Aspen shale of Schultz: Shale, hard, platy,
bluish-white, with abundant fish scales. Ex-
actly like Mowry shale in Wyoming. .. .......

Beckwith formation of Schultz:

Sandstone, massive, brown to gray, coarse,
containing few lenses of pebbles the size of
wheat. (Where measured the upper part
of this unit is in almost direct contact
with Aspen shale, but along the strike the
upper 50 feet changes to very dark shale). .

Shale, brown to dark gray, with some thin
beds of brown sandstone. Not as dark as
might be expected at this horizon........

Sandstone, coarse, brown to gray. No
pebblesseen. ... ...l

Shale, variegated purple, green, gray; sand-
gtone, soft, whitish; and sandstone, brown,
hard. Contain bone fragments and gastro-
liths at a number of horizons. Beds
change rapidly both vertically and hori-
zontally. Possibly some of the basal beds
may belong to the underlying marine
Jurassic, but they did not furnish clear
evidence of marine origin. Thickness cal-
culated from topographic data............

Mensured 1 mile west of Ruple ranch.

Twin Creek formation of Schultz:

Shale, greenish gray, with layers of platy
argillaceous sandstone and some lenses bf
soft yellow sandstone. Not sharply sepa-
rated from overlying wunit. Sandstone
layer 10 feet above base contains Rhyn-
chonella gnathophora Meek, Ostrea sp. unde-
termined, Tancredia warrenana Meek and
Hayden, Trapeziumf 8p. . .. .ooveeeeann..

Sandstone, blocky, light brown, fine-grained;
contains Rhynchonella, Ostrea, and other
fossils very poorly preserved.............

Sandstone, soft, gray-white, cream-colored to
yellow, argillaceous; at most places weath-
ers back like shale, at others stands out as
ledges; contains lenses of greenish shale.
No fossilsseen. . ......ooooiiiiiiiiiiL,

Shale, greenish gray, with thin layers of
sandy brownish limestone and nodules of
dense blue limestone. Contains Cidaris?
8p., bryozoan, Parallelodon? n. sp., Pinna
8p., Bumicrotis curta (Hall), Ostrea strigile-
cula White, Cardiniaf? n. sp., Trigonia
quadrangularis Hall and Whitfield, Camp-
tonectes platessiformis White, Modiola per-
tenuis Meek and Hayden, Pleuromya new-
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Twin Creek formation of Schultz—Continued.
tont Whitfield, Astarte packardi White, Tan-
credia? inornata Meek and Hayden, Dosinia
* jurassica Whitfield, Quenstedticeras? hoveys
Reeside, Cardioceras cf. C. cordiforme (Meek
and Hayden), Cardioceras sp., Belemnites  Feet.
densus Meek and Hayden................ R 50
Nugget sandstone of Schultz:
Sandstone, platy, gray to cream-colored,
with thin shale layers. Grades into over-

lying beds....oooooeiii i, 15
Sandstone, massive, cream-colored, cross-
bedded....cooiiii 20

Sandstone, platy, gray, interleaved with
thin layers of green, gray, and purple shale.
The lower part contains clay-pellet con-
glomerates, and the base is a sinuous line.
Probably no unconformity of much magni-
tude, as both these beds and the under-
lying beds are shallow-water deposits.

Sandstone, massive, cream-colored to brown,

cross-bedded, in a single bed. Cross-
bedding seems to be of the current type.. 75
Measured in Little Park.
Shale, brick-red with some gray streaks..... . 200
Sandstone, gray to yellow, locally salmon-
colored, cross-bedded, very massive....... 560
Sandstone and shale, alternating in thin beds,
red and white...... ... ... ... .. ..... 14

Ankareh shale of Schultz: '
- Shale, sandy, red with some white streaks

and gray layers.......... ... ... ... ..... 50
Sandstone, salmon-colored, massive, medium
grained......... ... iiiiiiiaio... 15

Shale and soft sandstone, mostly brick-red.. 160
Grit, coarse, white, yellow, and pink, with
lenses of pebbles of quartz and chert 1 inch
or less in diameter; basal part has pebbles
as much as 2 inches in diameter...... e 30

Unconformity.

Thaynes (?) and Woodside formations of Schultz:
Shale and sandstone, brick-red, without any
prominent subdivisions; estimated at.......:

Park City formation. .

1,000

Split Mountain Canyon.—The rocks exposed
in Split Mountain Canyon (sometimes locally
called Black Mountain Canyon) form a sharp
unsymmetrical anticline whose axis runs about
due west. The river enters the canyon at
right angles to the strike of the rocks on the
north limb but on reaching the axis of the
fold runs parallel to it for about 5 miles, then
at right angles to the strike across the south
limb. The upper end of the canyon is in
Weber sandstone, but the dip is steep and
soon brings up the upper part of the “Lower
Aubrey group” of Powell (Amsden-like beds)
and in places along the axis Powell’s ‘“ Redwall
group” (Madison-like beds). On the south
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limb the reverse succession is present, and the

canyon ends at the top of the Weber sandstone.

Wonsits Valley.—The name Wonsits Valley
was applied by Powell ?° to the region extend-
ing from the lower end of Split Mountain
Canyon to the mouth of Duchesne River. It
is here extended arbitrarily southwestward to
include the valley as far as the mouth of
Willow Creek.

Immediately following the Weber sandstone
at the lower end of Split Mountain Canyon
comes a succession of red beds, Nugget sand-
stone, etc., nearly identical with that in Island
Park. These beds dip very steeply but are not
as well exposed near the river as in Island
Park. Owing to the steep dip the river passes
through the older beds in a short distance and
then runs upon the Cretaceous a considerable
distance, but the exposures are rather poor
because of the abundance of river-terrace
material. Along this part of the river a num-
ber of attempts have been made to exploit
the river terraces for placer gold, but they
have not yet been wholly successful. _

At a point about 6 miles above Jensen the
river approaches closely the outcrops of the pre-
Cretaceousrocks. Near this point the Carnegie
Museum of Pittsburgh, Pa., has for years been
taking' dinosaur remains from a quarry in beds
of Morrison age. A stratigraphic section in the
neighborhood of the quarry is as follows:

Section measured at Carnegie Museum dinosaur quarry, above
Jensen.

[See also fig. 7.]
Feet.
River-terrace materials, underlain by Hilliard shale.
Frontier formation of Schultz:
Sandstone, fairly coarse, gray to brown, cross-

bedded....ovvvunianei i 22
Shale, yellow, sandy, with thin layers of gray
8andstone. . . .eeeeoe i 158
Aspen shale of Schultz:
Shale, bluish gray, hard, platy; contains many
fishscales. _......oooooiiiiiiiiiiiiiiot, 50
Shale, yellowish, sandy...................... 37

Beckwith formation of Schultz:
Sandstone, gray to brown, locally weathering

. pink, coarse, conglomeratic, cross-bedded ... 35
Shale, rusty brown and drab.................. 27
‘Sandstone, gray to brown, in thin beds........ 10
Shale, rusty brown and drab.............. ... 37

Sandstone, ripple-marked, coarse, cross-bedded,
brown to gray; rusty in places. This bed
seems to be variable in thickness and may
even be absent a short distance to the west.. 37
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Beckwith formation of Schultz—Continued.

Shale, gray, violet, and greenish, with lenses
of greenish argillaceous sandstone, grit, and .
conglomerate that weather to a chocolate-
brown; highly variable unit................

Sandstone, greenish, conglomeratic; - weathers
brown. Horizon of dinosaur quarry........ 10

Shales and sandstone, variegated; like second
anitabove... ... i

Twin Creek formation of Schultz:

Sandstone, fine grained, fissile, beautifully rip-
ple marked and rain pitted, greenish gray,
with considerable interbedded shale. Some
layers contain Ostrea p......c..............

Sandstone, platy, ripple marked, gray, fine
grained; contains Rhynchonella gnathophora
Meek and Tancredic warrenana Meek and

Feet.

279

506

40

Shale, greenish gray, with some platy sand-
stone of same color........................
Sandstone, brown, limy; contains Ostrea stri-

65

Shale, dark gray, almost black, containing dense
blue limestone in concretions................

Limestone, gray, coarse, sandy; contains Eumi-
crotis curta (Hall), Ostrea strigilecula White,
Camptonectes platessiformis White, Astarte
packardi White, Tancredia? inornata Meek
and Hayden, Tancredia sp., Dosinia jurassica
Whitfield?, Cardioceras russelli Reeside, Car-
dioceras hyatti Reeside, Cardioceras cordiforme
Meek and Hayden, Cardioceras aff. C. wyo-
mangense Reeside, Cardioceras sp............. 1

Shale, greenish gray, with limestone in nodules
and containing Ostrea strigilecula White and‘
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Eumicrotis curta (Hall)......_..._.......... 27
Nugget sandstone of Schultz:

Sandstone, .very massive, cross-bedded, me-

dium grained, yellow to gray............... 91
Shale,and platy sandstone, yellow to gray..... 12
Sandstone, massive, gray .to yellow, cross-

bedded, medium grained.................. 120
Shale, variegated, gray and brick-red......... 107

Sandstone, very massive, yellow to gray; forms
here an impassable ridge; must be some hun-
dreds of feet thick. _

For a short distance below the. dinosaur
quarry there are very good exposures of
Hilliard shale close to the river, but over much
of the way to Jensen the exposures are poor.
The rocks lie in a syncline plunging to the west,
as shown by Gale * and Schultz.?? An anti-
cline, also plunging westward and with its axis
passing close to Jensen, brings up Frontier
sandstone just east of the town. ~ Downstream
from Jensen the river passes through higher
and higher beds. About 6 miles southwest
of Jensen sandstone and shale containing

20 Powell, J. W., Map of Green River from the Union Pacific Railroad
to the mouth of White River, 1873; Exploration of the Colorado River
of tho West and its tributaries, explored in 1869 .1870 .1871 .and 1872,
p. 44, 1875.

2 Gale, H. 8., Coal fields of northwestern Colorado and northeastern
Utah: U. 8. Geol. Survey Bull. 415, pl. 21, 1910.

22 Schultz, A. R., A geologic reconnaissance of the Uinta Mountams,
northern Utah: U. S. Geol. Survey Bull. 690, pl. 5, 1916.
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many red beds appear. These beds are|dip northward. From that point on to a
relatively soft and lack the hard sandstones locality some distance above Ouray only these
present in the Wasatch. I take them to be |red beds are visible, but at this locality gray
the Tertiary beds assigned to the Bridger | beds appear at river level and the red element
formation (middle and upper Eocene) and |is less striking.

-

Flaming Gorge . Island Park Dinosaur quarry
Feer| | MHilliadshale ~ _ peer| | Hilliadshale _ peer| | Hiliadshale |
‘g-‘ - , Brown coarse-grained 35 Gray to yellow sandstone 22! Yellow sandstone, fairly coarse | -
] 100 sandstone with some 35 Sandy shale : 5
& carbonaceoua ehale 40 Massive gray to yellow sandstone 5g Shale, sandy, and €
TTs ~ - 1 thin sandstone £
~ .
=~ -3
Maostly bluish-white 130 Shale, gray sandy ——— Hatd bluishswhite - — — = = — 2%
—_— - )
g 225 gﬂ’{ﬁ:‘ﬁ :ml)gé d\ ~ - e —— 50 fish-scale' shale Eg‘
A » e —— —
E‘ossibly in part N - 1 _white fish-scale shale 37 Shale, yellow, sandy o2
rontier 80 Bluish-¥ ——— 35 Sandstone, browrcanglomeratic | =&
— 27 [~ Shale, brown to drab 3
e - a —_ l—)-— —_ ——I s Congl t' dsto 10 = Sandstone, brown, thin 2
arse brown conglom- nglomeratic sandstone . |
e L S g, |2
150 Pebbles of white and Shale, brown to gray — dandstone, rusty, variable
ay chert g M —_———
g__r_ ——_————"a "\ Sandstone, coarse, brown
1 Variegated shale, highl
279 colored, I:vith softhsamf:
stones that weather 2
Variegated, highly chocolate-brown
8| 300 colored shales and
= soft sandstones
55 10 _J Sa]réc.lstone. Horizon of
. —] u
s Variegated, highly colored fnosaur quarry
5 shales and soft sandstones. a
] . Bone fragments and gas-
2 50 Conglomeratic sandstone 700+ troliths at many horizons. !
g — Possibly some of basal part 5
should go with Twin Creek =
Variegated shale, highly
300 Variegated shales . 506 colored, and chocolate-
and soft sandstones brown sandstones
sxl 72 »* Gramn%neand_ T8 x| S ish
ER| s cnlcarcous shale. e e B e o
e —— ~ May not all be exposed 85 Sandstone, soft, gray- 2o Sandst,one,dplfl\t}l'. greenish —— = -|
100 Red shale™ ~ . white, argillaceous 2 _.ﬂ\ Sgr&clé,ta: sI: ;
E: : ~ . g0 | _}-Shale, greenish gray 61 A S—ha? one, 'ph
5 -~ * e, greenish gray
3 1 T ’_\Sandstone, platy, gray | Sandstone, brown
100 Yellow sandstone, 20 [——J-Sandststie; massive, gray. 42 Shale, very dark, with
‘8 not well exposed 8 [ ["\Sandstone, platy, and shale ~— —_'{—%|\ limestone concretions
» platy,
g — 75 Sandstone, massive, ef] | Limestone, gray, sand:{t.h
. ale, greenish gray, wi
E gray and brown 3l ‘ilirgestone concretions g
—— tone, massive,
- 12 _1\ ands! . y
° yellow to gray =g
tl dstone . . : / g
§ 300 A%?\?irggmz srte\g fston 200 Shale, brick-red 120 Shale g\nd platy. sandstone a
not well exposed : Sandstone, massive,
& || sray to yellow
o .
=] L 107 |. - Shale, brick-red
- t Massiy, -
r=—- " dstone of Nugget / © Sandstong of NyooT ~—
Massive san . 560 ~ — ugget Massi y
— =~ assive sandstone of Nugget
.~ ~269 I:q Ankareh™of Schults

% Marine Jurassic fossils

Figure 7.—Diagram showing correlation of scctions near Flaming Gorge, Daggett County, and in Island Park and near the Carnegie Museum
dinosaur quarry, Uinta County, Utah.

Uinta formation (upper Eocene). This is the Upper Desolation Canyon.—The name Deso-

real Uinta formation. These beds have a |lation Canyon was applied by Powell # to the

south dip at their northern edge. Farther |stretch of valley from & point somewhere in the

downstream they lie practically flat, but about :

at the neck of Horseshoe Bend they begin to
33372°—25——4

3 Powell, J. W., Exploration of the Colorado River of the West andits
tributaries, explored in 1869, 1870, 1871, and 1872, pp.’46-50, 1875. .
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neighborhood of Indian Pasture downstream
to the Roan Cliffs. For the present descrip-
tion the stretch of valley between Willow

* Creek and Minnie Maud Creek is taken arbi-

trarily as Upper Desolation Canyon, though it
is much less a canyon than a sharply limited
valley, and the valley below it to the Roan
Cliffs is taken as Desolation Canyon proper.
Near the mouth of Willow Creek much sand-
stone is present in short lenses. The shale be-
tween and around the sandstone lenses is of a
sort of mauve color, and the sandstones them-
selves a coffee-brown. The whole mass has a
purple tone when seen in the distance. Near
the mouth of Desert Spring Wash the purple
beds are replaced in part by gray and yellowish
beds. The dip is low, but the replacement
is thought to be due to the rising of older beds
to river level. A few miles below Desert
Spring Wash the walls of the valley are all of
gray ‘and yellowish beds of unmistakable
Green River aspect. Sandstone is present
but only in short lenses, and the bulk of the
rock is shale. At Indian Pasture the shaly
beds are very conspicuous and the slopes look
as if all shale. The change from the purple
beds to the gray beds appears to mark the
change from the Bridger and Uinta formations
to the Green River formation. There seems
to be no break. I'did not estimate the thick-
ness of the purple-red beds. ’
Winchester #* places the base of the Bridger
beds some distance above Desert Spring
Wash—in fact, beyond the area covered by
his map—but he must have had some such
distinction in mind as that stated above.
The zone of rich oil shale appears at river level
about 3 miles above the mouth of Minnie
Maud Creek, according to Winchester, and is
mapped by him along the walls of the canyon
for many miles: below, rising southward until
high up on the walls it turns to the east and
west somewhere near Chandler Creek.
Desolation Canyon.—Desolation Canyon is
here considered to extend from Minnie Maud
Creek to the Roan Cliffs below the McPherson
ranch. \
Near Minnie Maud Creek the walls of the
canyon appear to be largely shale, gray to

2 Winchester, D. E., Oil shale of the Uinta Basin, northeastern Uta‘h:
U. 8. Geol. Survey Bull. 691, pl. 12, 1919.
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yellowish, with only a minor amount of sand-
stone, but downstream some miles near Tabby
Ah Guy Canyon, much more sandstone ap-
pears—fine grained, yellow to brown, platy.
The sandstone layers in weathered faces are
often masked by débris but in clean vertical
faces are very evident. Some of the sand-
stone has probably come in by lateral change
from shale, some of it by rising above river
level. Near Temple Canyon the lowest beds
are nearly all sandstone, yellow and rusty
brown, with a minor amount of maroon and
greenish-gray shale. Above these sandy beds
the shaly gray Green River beds like those of
Minnie Maud Canyon appear, but they are so
high on the canyon wall that, considering the
low dip, it is very unlikely that they could have
simply risen. I believe that there has been
some lateral change in lithology.

Near the mouth of Jack Creek the rocks for
perhaps 1,000 feet above the river are brown.
sandstone with a minor amount of red and
greenish shale. Above these beds are oolitic
cream-colored limestone and light shale and
sandstone, such as are present in the more
typical Green River beds. How much, if any,
of the mass of brown sandstone and colored
shale are Green River formation and how
much Wasatch formation I am unable to say.

Down near the river level at Jack Creek some
striking deep-red beds appear. Downstream
these red beds near the river become progres-
sively thicker, and there is a fairly sharp plane
of division between them and the overlying
mass of brown sandstone and colored shale.
The distinction is not ideally sharp, as some
red coloring occurs in the rocks above, and
there is no evidence of any break in sedimen-
tation. The top of the marked red series
might well be considered the top of the Wa-
satch formation, though here, as has been
noted at other places in the region by various
observers, the position of the boundary be-
tween the Wasatch and Green River forma-
tions offers ground for wide difference of
opinion. These reddish beds make up more

| and more of the canyon walls downstream

until they finally include practically all the
rock visible from the river. Near Three Can-
yon Creek there is much conglomerate of small
chert pebbles in the fallen blocks along the
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river, though I did not see the rock in place.
Just below the McPherson ranch at river level
appear gray shale, thin brown sandstone, and
dark fresh-water limestone crowded with Vivi-
parus, Undo, and other fossils. Beneath these
beds are gray shale with streaks of red and then
plain gray shale and brown sandstone. I
supposed the red and gray shales associated
with the fresh-water limestone to be the base
of the Wasatch and the gray shale and brown
sandstone beneath them to be the Mesaverde
formation of the region. The outcrop of the
red beds turns away from the river here to
form the Roan Cliffs, and Gray Canyon begins.

Gray Canyon.—Gray Canyon 1s cut in a sue-
cession of alternating massive brown sandstone
and gray shale—the Mesaverde formation of
the region. Coal beds are present in the lower
part of this series, but I did not have time to
locate any definitely. There is little change in

character of the rocks above the end of the

canyon, where the outcrops of the sandstones
turn off to the east and west to form the Book
Cliffs, and the river runs through lowlands of
Mancos shale.
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COMPARISON OF THE LITHOLOGIC SUCCESSION
IN GREEN RIVER VALLEY, SOUTHWESTERN
UTAH, AND CENTRAL WYOMING.

The lithologic succession in Green River
valley affords an interesting comparison with
that of southwestern» Utah and that of central
Wyoming. In general, the information avail-
able would not justify a statement that the
units compa,red are strictly chronologic equiva-
lents, for in the greater parts of the respective
stratigraphic columns close paleontologlc corre-
lations are not possible. A similarity in the
succession of lithologic units may be pointed
out, however. The thicknesses of the individual
lithologic units compared with one another
may differ greatly, owing to differences in the
length of the time interval represented by the
units compared or to differences in the con-
temporaneous rate of deposition in the respec-
tive areas or to both causes at once.

It has seemed the best method to make such
a comparison by arranging the names in current
use in three vertical columns with horizontal
lines including the units compared and with
such comment as may be made appended as
notes. .

Comparison of the series of lithologic units recognized in Green River valley with those in southwestern Utah and central

Wyoming.
' Ago. Southwestern Utah. Green River valley. Central Wyoming. Note.
Uinta formation. Uinta formation.
Bridger formation. Bridger formation.
. Pink Cliff series of Dutton. Green River formation. Wind River (@)
T ertiary Wasatch formation.
(Eocene). formation.
Wasatch formation.
‘‘ Post-Laramie’’ formation. Fort Union formation.
................. (b)
Tertiary? “Laramie’’ formation. Lance formation.
Lewis shale. Lewis shale. (¢)
Mesaverde formation. Mesaverde formation. (8)
Shales and sandstones vari-
Cretaceous. ously named. ¢ - Steele shale.
Hilliard shale. Niobrara formation.
Carlile shale.
Frontier formation of Schultz. | Frontier formation. (¢))
Mowry shale.
Aspen shale of Schultz. Thermopolis shale. (9)

(Seo footnotes on pp. 48, 49.)
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Comparison of the series of lnholomc units recogmzed in Green River valley with those in southwestern Utah and central

Wyoming—Continued.

Age. Southwestern Utah. Green River valley. - Central Wyoming. Note.
Cretaceous. _ | Dakota(?) for-
...... San_dst,one. B(;cllgvgllg}:lfo; £ mation. Cloverly formation. (h)
- | Variegatad shale. Schul Morrison for- | Morrison formation.
Cretaceous chultz. mation.
Marine Upper Jurassic. Tvs/(i:xﬁul(é;‘eek limestone of
Jurassic. ‘ ;
urassic Sundance formation. (%)
White Cliff sandstone. )
Vermilion Cliff sandstone. Nugget sandstone of Schultz.
Chinle f tion. .. .
Shilgaiul?;glzolggl omerate. Ankareh shale of Schultz. Jelm formation. (9
Triassic.
. . Thaynes(?) formatlon of
Moenkopi formation. Schultz. Chugwater formation. (%)
. Woodside shale of Schultz.
. Kaibab limestone.
Permian. Coconino sandstone. . Phosphoria formation.
Hermit shale. Park City formation. Q)
Absent(?).
Pennsyl- . .
* vanian. Supai formation. Weber sandstone. Tensleep sandstone. (m) -
Pennsylvanian limestone. Amsden formation. ()
Mississippian. | Redwall limestone. Mississippian limestone. Madison limestone
Mgtzg e'hm e (?) Gallatin limestone.
Cambrian. Tonto group. Bright Angel | 1 416 formation. | Shale. Gros Ventre shale. @
shale
ngif‘]t:_ sand- Sandstone. | Flathead quartzite.
P {;ia-u? 8M -} pre-Cambrian. “Uinta formation.”’ Pre-Cambrian. (P)

a The exact equivalent in time of the Pink Cliff series

contain the Fort Union flora.

The ‘‘Laramie” formation

of Dutton is uncertain, but it probably represents some
part of the Wasatch formation with possibly some later
beds. The Green River formation and the Wind River
have little in common except stratigraphic position; it is
also probable that the Wasatch and Wind River formations
are in part contemporary.

b The ‘‘post-Laramie’ formamon and the Fort Union
formation, besides having a similar stratigraphic position,

contains the Laramie flora and. the Lance formation the
Fort Union flora and are supposed on that ground to differ
in age. Beds older than Dutton’s Pink Cliff series and
younger than Cretaceous are not known in southwestern
Utah.

¢ The Lewis shale is a somewhat doubtful unit on Green
River. There is no well-defined shale unit between the
Wasatch beds of the Roan Cliffs and the Mesaverde forma-



GEOLOGY OF GREEN RIVER VALLEY, WYOMING AND UTAH.

tion of the Book Cliffs, south of the Uinta Mountains, that
could be called Lewis shale. North of the mountains
such a unit is mentioned by Gale (U. S. Geol. Survey Bull.
341, p. 310, 1909), and by Schultz (U. S. Geol. Survey Bull.
702, fig. 3, 1920), but no description is given. A correla-
tion of the Lewis shale of the Green River region with that
of central Wyoming, and of either with the typical Lewis
shale in southwestern Colorado is simply a loose grouping
of large shale units of upper Montana age and does not im-
ply identity in time of deposition.

@It is not known that the Mesaverde formation of the
Book Cliffs occupies the same time interval as the Mesa-
verde formation north of the Uinta Mountains, nor that
either is the same as the Mesaverde formation of central
Wyoming or of the typical region in southwestern Colo-
rado. This name, like Lewis, has been loosely used and
is made to apply practically to any coal-bearing formation
within the Montana group.

¢ The Upper Cretaceous deposits of southern Utah are
variable in constitution and have been classified differ-
ently by different geologists. Much still remains to be
learned, and I do not venture to make detailed correla-
tions. There are beds that in a loose way might be called
Frontier, others that might be called Mesaverde, and still
others that may require other names.

f The Frontier formation of the Green River region
is a thin sandstone unit very low in the Colorado group.
It can hardly be really the same as the much thicker
Frontier formation of other areas except under the loose
application of the name to any sandy unit in the lower part
of the Colorado group.

g The Aspen shale on Green River has exactly the
lithologic character of the Mowry shale of Wyoming but is
very thin and rests almost directly on the preceding sand-
stone (Dakota?) without an¢ suggestion of an intervening
shale like the Thermopolis shale.

hThe Beckwith formation as delimited by Schultz
on Green River contains as its upper member a con-
glomeratic sandstone that would certainly be mapped as
Cloverly formation in Wyoming or Dakota sandstone in
Colorado. Whether it is equivalent only to the Dakota
sandstone proper or contains also, like the Cloverly for-
mation, beds of probable Lower Cretaceous age, can not be
determined in the absence of fossils. The Beckwith be-
neath this upper sandstone contains three members which
together seem to me to be the Morrison formation of Colo-
rado and Wyoming. Schultz offers two different correla-
tions for his Beckwith formation. In one (U. S. Geol.
Survey Bull. 702, tables opposite pp. 36 and 82, 1920)
he indicates that the Dakota sandstone and Cloverly for-
mation are both probably absent and that the Beckwith
formation is all Morrison in age. In the second (idem, pp.
75-77) he expresses the belief that the upper sandstone is
equivalent to the Dakota sandstone of some regions and
upper Cloverly of others, that the upper shale and middle
conglomerate are equivalent to the middle and lower parts
of the Cloverly formation, and that the lower shale alone is
Morrison. The position of the dinosaur fauna near Jensen
and the lithology of the Cloverly formation, so far as I
know it, are both against the correlation of the two middle
members with the Cloverly formation. It seems also very

doubtful to me whether the Beckwith formation of the(
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Green River region is really comparable to the beds to
which the name Beckwith is applied farther west in Utah
and in Idaho.

i W.T. Lee, in a paper now awaiting publication, has
adduced abundant evidence to indicate that the Sun-
dance formation of Wyoming, as usually defined, contains
in the lower part the equivalent of the Nugget sandstone of
the Green River region and of the thick Jurassic sandstone
unit of southern Utah believed to include the White CLiff
and Vermilion Cliff sandstones. Some writers on Wyo-
ming stratigraphy have included the sandstone in the
upper part of the Chugwater formation, but its structural
relations ally it more with the overlying than the under-
lying beds. The Twin Creek limestone of the Green
River region is the lithologic and faunal equivalent of the
calcareous beds in the upper part of the Sundance. Itis
very likely that the Twin Creek formation of the Green
River region is equivalent to only a small part of the beds
to which the name was originally applied. No evidence
of any other marine Jurassic formation than the Sundance
was observed on Green River.

i The correlation suggested by stratigraphic position and
structural relations between the Shinarump and Chinle
formations, the Ankareh shale of Schultz, and the Jelm
formation is largely conjectural. All three are separated
from the preceding beds by an unconformity. The
Shinarump is regarded as probably Upper Triassic; the

.Chinle and Jelm contain vertebrate remains of Upper

Triassic age; the Ankareh formation in the typical region
contains in the lower part marine invertebrates of Lower .
Triassic age. Whether the Ankareh formation of the
Green River region is the same as the typical Ankareh
may well be questioned.

k A correlation of the Moenkopi formation and the
Woodside and Thaynes (?) formations of the Green River
valley rests on the assumption that the latter beds are
really the equivalent of the marine Lower Triassic forma-~
tions of the same names that occur in the western Uinta
region. It seems to me that the assumption is very prob-
ably valid, at least in a broad sense, even though continu-
ous tracing between the two regions is not possible. The
relation of the Chugwater formation to those just named
is more doubtful, though the presence of a marine lime-
stone in the upper part of the Chugwater is difficult to
account for except as an eastward extension of the marine
Lower Triassic strata. Another point of difference is
that the Moenkopi formation is unconformable on the
preceding beds, whereas the Woodside and Chugwater
formations appear to be conformable.

! The equivalence of the Kaibab limestone, Coconino
sandstone, and Hermit shale on the -one hand and the
Park City formation on the other is not supported by
direct evidence. The Coconino and Hermit are placed
in the Permian on the basis of fossil plants in the Hermit.
formation and an unconformity beneath it. The Kaibab
limestone has a marine fauna of Permian age, and so has.
the Park City formation, in its upper (Phosphoria) part,
but there are very few species in common. It is possible-
that the upper (Phosphoria) part of the Park City forma-.
tion may be entirely later than the Kaibab limestone,
though still Permian, as the Kaibab is followed by an
unconformity and the upper part of the Park City is.
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believed to be conformable with the succeeding heds.
An unconformity is known in places in southeastern
Idaho at the base of the Phosphoria formation.

m The Tensleep sandstone, Weber sandstone, and Supai
formation are somewhat variable sandy formations that in
some phases are very much alike and in others quite dif-
ferent. They are assigned to the late Pennsylvanian
(Supai, possibly also including Permian) and probably
do not differ greatly in age.

n The Redwall limestone, as originally defined from its
occurence in northern Arizona, contained beds of both
Pennsylvanian and Mississippian age, but in recent classi-
fications the Pennsylvanian part has been added to the
Supai formation. In southern Utah a considerable thick-
ness of calcareous strata beneath the sandy beds assigned
to the Supai formation contains Pennsylvanian fossils.

SHORTER CONTRIBUTIONS TO GENERAL GEOLOGY, 1923,

It is possible also that there are in Green River valley
beds of upper Mississippian age, which in Wyoming in
places occur in the lower part of the Amsden formation
and above the Madison limestone (lower Mississippian).
o There is no specific evidence for correlating the Lodore
formation with either the Tonto group or the Flathead,
Gros Ventre, and Gallatin formations of central Wyoming.
All three have a sandstone at the base followed by shales,
the gross lithologic features of which are similar. If there
is any limestone in the upper part of the Lodore forma-
tion, its analogy to the Tonto and Deadwood would be
complete. In the field I considered any limestone beds
to belong to the overlying Carboniferous, but I may have
been mistaken. ‘
P There is no specific evidence to show that the ““Uinta
formation” is Cambrian nor that it is pre-Cambrian.



THE EVOLUTION AND DISINTEGRATION OF MATTER.

By FraNk WIeGLESWORTH CLARKE.

INTRODUCTION.

In any attempt to study the evolution of
matter it is necessary to begin with its simplest
known forms, the so-called chemical elements.
During a great part of the nineteenth century
many philosophical chemists held a vague
belief - that these elements were not distinct
entities but manifestations of one primal sub-
stance—the protyle, as it is sometimes called.
Other chemists, more conservative, looked
askance at all such speculations and held fast to
what they regarded as established facts. To
them an element was something distinct from
other kinds of matter, a substance which could
neither be decomposed nor transmuted into
anything else. This belief, however, was based
entirely upon negative evidence—the inade-
quacy of our existing resources to produce such
sweeping changes. Many important facts were
ignored, and especially the fact that the ele-
ments are connected by very intimate relations,
such as are best shown in the periodic law of
Mendeléef, who, from gaps in his table of atomic
weights, predicted the existence of three un-
known metals, which have since been dis-
covered. For these metals, scandium, gallium,
and germanium, he foretold not only their
atomic weights but also their most character-
istic physical properties and the sort of com-
pounds that each one would form. His
prophecies have been verified in every essential
particular. One obvious conclusion was soon
drawn from Mendeléef’s “law,” although he
was t0o cautious to admit it, namely, that the
chemical elements must have had some com-
munity of origin. The philosophical specula-
tions as to their nature were fully justified.

. In 1873 I ventured to publish the suggestion
that the evolution of planets from nebulae was
accompanied by an evolution of the chemical
elements.! The validity of the nebular hypoth-

esis was assumed, and the progressive chemi-
cal complexity of the heavenly bodies gave my
argument its plausibility. The nebulae are
chemically simple, the hotter stars more com-
plex, the cooler stars and the Sun still more so,
and the solid Earth the most complicated of all.
The evidence for this statement was found in
the spectroscopic researches of Huggins and
Secchi, which seemed to me to be conclusive,
although defective in one respect: instead of
helium in the nebulae they reported nitrogen,
for helium was yet to be discovered. This
defect, however, did not invalidate my conclu-
sions, which were promptly denounced as
heretical but which have since been accepted as
quite orthodox. Nearly a year later Lockyer ?
put forth an analogous suggestion, based upon
evidence of the same sort but starting from the
other end. That is, he assumed that in the
hotter stars the elements were dissociated, and
his suggestion was received with a good deal of
favor. As to the origin of the dissociated ele-
ments he had nothing to say. That the ele-
ments are really decomposable was the sub-
stance of his suggestion, which he followed up
in detail in his later publications. ‘

With the discovery of radioactivity by Bec-
querel and of radium by Madame Curie a new
era in chemistry began. It was at once found
that at least some of the elements were really
unstable; and the evolution of helium from

‘radium, discovered by Ramsay and Soddy,

made the evidence complete. A derivation of
one element from another had actually been
observed.

. These discoveries opened a new field of
research; and it was soon found that the
elements at the top of the atomic-weight scale,
namely, uranium and thorium, are spontane-
ously but slowly decaying, yielding more than
thirty new substances which differ widely in

1 Clarke, F. W., Evolution and the spectroscope: Pop. Sci. Monthly,
January, 1873.

7 Lockyer, J. N., Roy. Soc. Proc., vol. 21, p. 513; paper dated Nov. 20,
1873.
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stability. To each one a half-life period is

" assigned, some of them measured in thousands

of years, others in fractions of a second. Among
these substances are two new varieties of lead—
one derived from uranium, the other from
thorium—which chemically are not distinguish-
able from ordinary or normal lead except by
differences in their atomic weight and their
specific gravity. The lead from thorium has
an atomic weight about a unit higher and
that from uranium about a unit lower than the
atomic weight of normal lead. -To this class

of facts I shall recur later, as evidence in sup-

port of my arguments. That chemical elements
can decay is the essential fact to be remem-
bered. :

That the chemical elements were formed by
a process of evolution from the simplest forms
of matter can hardly be doubted now, but the
process is not yet ended. They were developed
at high temperatures; but when a certain stage
was reached in the cooling mass they began to
combine with one another to form the new
class of substances which are known as com-
pounds. These substances obviously represent
an advanced degree of complexity, with corre-
sponding instability; and with varying condi-
tions both combination and decomposition,
such as are reproducible by human agencies,
constantly occur. By this extension of the
evolutionary process the solid Earth was built
up, but in principle the process is the same
throughout. From the formation of the first
elements to the chemical changes now taking
place upon the Earth there is no real interrup-
tion. "One line of progress has been followed
until & maximum of natural complexity and
instability is reached in the organic compounds
that form the basis of all physical life, whether
vegetable or animal. The same fundamental
matter, governed by the same fundamental
laws, appears from beginning to end of the
evolutionary process.

THE EVOLUTION OF THE CHEMICAL ELEMENTS.

In any attempt to discuss the evolution of
the chemical elements we have for guidance
some facts and many analogies. That the
most complex elements are unstable we have
already seen, and it is suspected that all the
others follow the same rule. Potassium and
rubidium are feebly radioactive, a property

T, ey ) Aah e maweg g
M D Lesesu Ty TtV IR

which is an evidence of instability, and other
confirmatory evidence will be cited later.
Stability, however, is a relative term, and a
substance that is stable under certain con-
ditions becomes unstable under others. The
prime factors that determine external stability
are temperature, pressure, and chemical en-
vironment. For example, some compounds
that are stable in anhydrous surroundings are

decomposed in presence of water. Calcium

carbonate, under ordinary conditions, is divided
at high temperatures into carbon dioxide and
lime, but heated in a steel bomb it not only
remains undecomposed but may even be
melted, to form upon cooling a crystalline
marble. Examples like this might be multi-
plied indefinitely. As a rule stability dimin-
ishes with ~increasing temperature but is
favored by increased pressure. We may also
assume that the more symmetrical an atom
or compound is the more stable it is likely to be.

Now, to return to our main problem, was
the evolution of the elements a regular pro-
gression, such as might be represented by a
smooth curve or a straight line; or was it
irregular and quite independent of their order
in the scale of atomic weights? To answer
this question we must try to imagine what
happened in the development of the larger
masses, the nebulae and the stars. On this
subject there is a plausible hypothesis which
has been favored by many astronomers—
namely, that the nebula at first was relatively
cool, that the temperature gradually rose to
that of the hottest stars and then regularly
declined to that of the end product of the series,
the solid planet. A gaseous mass, contracting
under the influence of gravitation, became
warmer; at its center, where the pressure
was greatest, the Iincreasing condensation
generated still higher degrees of temperature,
until a luminous nucleus was formed. As
condensation went on with increasing inten-
sities of pressure, the temperature continued
to rise until the heat generated by compression
was less than that lost by radiation into space,
when cooling began. Although this hypothe-
sis, 1n its crude form, is not universally ac-
cepted, it nevertheless gives a fair conception
of that part of the evidence with which we
are now concerned. The process of evolution -
from cool to hot and then to cool again is
fairly outlined. The nucleus of the original
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nebula has its modern representative in the
Sun.

In all the foregoing discussion it has been
tacitly assumed that the nebula from which
the solar system was developed was similar in
all essential respects to the planetary nebulae.
The latter, as shown by their spectra, consist
mainly of hydrogen, helium, and nebulium,
with slight traces in some of them of carbon,
nitrogen, and perhaps other elements. Nebu-
lium is known only from its lines in the spec-
trum, and its atomic weight has been estimated
by Fabry and Buisson as 2.7, placing it be-
tween hydrogen and helium. In any further
study of relations between the atomic weights
of the elements, nebulium must be taken into
account, and perhaps also coronium, so called
from its lines in the spectrum of the solar
corona. IFrom its position in the corona it is
assumed to be lighter than hydrogen and so
would seem to be an even more primitive ele-
ment. That possibility can not be considered
here; we must limit ourselves to the condi-
tions actually seen in the nebulae. No assump-
tion is made as to the possible ancestry of the
nebular elements; they are the visible begm—
nings.

Passmcr from the nebulae to the stars and
finally to the planets, the course of evolution
has been one of uninterrupted gradations.
There are no sharp lines of demarcation be-
tween one class and another. As for the ele-
ments their evolution has been admirably sum-
marized by Campbell? in his lectures on the evo-
lution of the stars. Without literal quotation
and accepting the Harvard classification of the
stars, I may briefly outline Campbell’s summary
as follows: After the gaseous nebulae there are
first the blue stars of classes A and B. In
class B, known as the helium stars, the hydro-
gen and helium lines are conspicuous, and in
their later stages silicon, oxygen, and nitrogen
are represented by a few absorption lines. In
class A the hydrogen lines are the most promi-
nent, and helium has nearly disappeared.
Lines of magnesium and calcium are also con-
spicuous, and those of iron and titanium are
beginning to appear.

In the spectra of stars of class I, the bluish-
yellow stars, the metallic lines increase rapidly
in prominence; and in those of the yellow stars

8 Campbell, W. W., Pop. Sci. Monthly, vol 87, p. 209, 1915; Sci.
Monthly, vol. 1, pp. 1, 177 238, 1915,
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of class G they appear in great number. Hy-
drogen is much less conspicuous. In the spec--
tra of the reddish-yellow stars of class K, which
are weak in violet light, the metallic lines are
more evident, and still more in those of the
red stars of class M, in which the spectra also
show absorption bands attributed to titanium
oxide. In the spectra of the very red stars of
class N the violet end of the spectrum is al-
most entirely lacking, the metallic absorption
is very strong, and bands representing carbon
oxides are conspicuous.

Such, in brief, was the probable course of
elemental evolution in the passage from a gase-
ous nebula to the coolest and oldest stars. It
is not necessary for my purpose to go more-
into detail on this phase of my subject. The
literature relative to solar and stellar spectra
1s very extensive and is steadily increasing in
volume. It involves many questions that I
can not attempt to consider, even if I felt my-
self competent to do so. That the evolution
of the elements has actually taken place seems
to be established, and I must limit myself to"
some of the chemlca,l problems that are sug-
gested by it.

Now, it is easy to see that in the process of
evolution from nebula to Sun an orderly devel-
opment of the elements could hardly have been
possible. - With changing pressure, changing
temperature, and changing environment all.
the conditions required for a regular progres-
sion according to the order of the atomic
weights were lacking. In the hotter stars only
the simplest and most stable elements were
formed, and these in the greatest abundance.
We have already seen that magnesium, calcium,
titanium, and iron were among the earliest to
appear, and that the others, between helium
(atomic weight 4) and iron, either came later
or were developed at first in much smaller
quantities. As cooling went on more and more
elements were generated, and in the Sun all
the possible elements are presumably present,
although only about half of them have been
actually detected. It is conceivable that
elements of different degrees of stability may
have been formed simultaneously, one in that
part of the cooling mass where the temperature
and pressure were highest, another farther
away from the center, under less rigorous con-
ditions. This suggestion, however, is some-
thing which can not be proved. If the three

PROPERTY OF U. S. BUREAU OF MINES



54

nebular elements were the raw material from
‘which the other elements were built, their
relative amounts must have been continually
changing, so that as each new element appeared
a new environment was established for all that
followed.” At some time early in the course of
evolution nebulium seems to have vanished,
for its lines do not appear in the spectrum of
any true star. Was it completely absorbed
in building other elements? The question is
easy to ask but very difficult to answer.

That the cooling of a star made the formation
of the less stable elements possible has already
been assumed. But was the rate of cooling
uniform, or was it subject to fluctuations?
"To.answer this question we must bear in mind
the clear distinction between atoms and mole-
cules, for here the elements as we know them
differ widely. Some molecules, like those of
zinc, cadmium, mercury, and the inert gases
of the helium group, are monatomic. - Hydro-
gen, nitrogen, oxygen, chlorine, bromine, and
iodine are diatomic. Phosphorus and arsenic
‘are tetratomic, and so on. For most of the
elements we lack the positive information
which we have for those just named. In ordi-
nary chemical reactions the complex mole-
cules are easily decomposed, and -at high
temperatures also decomposition is possible.
The molecule of iodine, for example, is disso-
ciated into its atoms at about 1,700° C., a
temperature much lower than that of even the
coolest stars. In the hotter stars all the
elements present are probably in the atomic
state, a considerable fall of temperature must
take place before even diatomic molecules can
be formed, and they may be regarded as a very
primitive order of compounds. In the Sun
and the cooler stars compounds in the ordinary
sense of the term begin to appear and certain
obvious consequences follow.

Whenever two or more free atoms unite to

form a chemical compound heat is given out;

and in most such unions, as in the formation of
water from its elements, condensation has also
its thermal value. I must here emphasize my
use of the expression “free atoms,” for they
alone exist in the hotter stars. Such unions
are rarely recognized in laboratory experiments,
which deal not with direct combinations but
nearly always with reactions. The heat of a
reaction, which is usually called the heat of
formation of a compound, is really the alge-
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braic sum of three or more terms, some of
which are positive and some negative. A re-
action may be endothermic when the minus
terms are in excess, as in the formation of
hydriodic acid from its elements. Here the
decomposition of the hydrogen and iodine
molecules precedes the union of the momen-
tarily free atoms.

In the evolution of the elements we have,
then, first the formation of individual atoms,
and as cooling goes on their union into diatomic
and polyatomic molecules becomes possible.
Heat is given out, and the rate of cooling must
be somewhat retarded. Whether the retarda-
tion is great or small it is impossible to say;
but some increase of temperature, even if it is
very slight, may fairly be assumed. In short,
the rate at which a star cools is in all proba-
bility subject to fluctuations, which may influ-
ence the development of the more complex and
less stable elements. When compounds, as we
understand them, begin to be formed, the heat-
ing effect is likely to be relatively larger. The
cooling of our Sun is almost certainly subject
to this sort of retardation, and so its existence
as a heat-giving luminary may be considerably
prolonged. Heat of chemical origin, with its
attendant condensations, must be taken into
account in any serious attempt to discover the
sources of solar energy. The formation of

molecular from atomic hydrogen would alone

give out a vast amount of heat, about 82,000
calories per gram-molecule. The supposed
formation of helium from hydrogen need not be
considered. The helium of the Sun is probably
primordial.

So far we have considered only the astro-
nomical evidence relative to evolution, but that
evidence is purely qualitative. For quanti-
tative data we must study the so-called atomic
weights and their relations, chemical and physi-
cal, with one another. The atomic weights, it
must be remembered, are not absolute quan-
tities, for no single atom has ever been directly
weighed. They are really the expression of
ratios, one element being assumed as a stand-
ard, with which the others can be compared, by
methods that are so well known that it is not
necessary to explain them here. These very
elementary considerations are cited now be-
cause they are so familiar that they are often
unconsciously ignored. If we think of the
atomic weights as the combining numbers of
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the elements—that is, the proportions in which
ench one unites with others—it may be easier
to avoid confusion of ideas. *

At least three different standards of atomic
weight have actually been in use. In the Ber-
zelian system the atomic weight of oxygen was
taken as 100, but that led to figures so large for
most of the elements that they were difficult to
remember and inconvenient to use. The sys-
tem was therefore abandoned, and the atomic
weight of the lightest element, hydrogen, was
assumed as unity, a much more natural and
satisfactory plan than that of Berzelius. The
hydrogen unit, H=1, was in general acceptance
until about 30 years ago, and it is still regarded
favorably by many chemists. The only objec-
tion to it, at least until recently, was that very
few of the atomic weights appeared as whole
numbers, and the fractional parts were some-
what annoying. There was therefore a ten-
dency among practical chemists to round the
figures off to the nearest integers, for in many
kinds of analytical work greater accuracy was
not required.

On the hydrogen scale the atomic weight
of oxygen is 15.876, or nearly 16, a figure
which is the basis of the system of atomic
weights now generally used. With O=16 a
considerable number of other atomic weights

become close approximations to whole num- |

bers and therefore more convenient to handle.
That is the principal reason why the oxygen
standard has been so commonly accepted by
chemists. This reason would be more valid
if determinations of atomic weight had been
made by direct comparison with oxygen,
whereas as a matter of fact comparatively
few such determinations have been at all sat-
isfactory. With some exceptions, by far the
larger number of the best modern determina-
tions have been indirect, with silver, chlorine,
and bromine as intermediaries. This indirec-
tion, however, does not imply inaccuracy. The
actual measurements are those of ratios. To
discuss this subject in detail would take me
too far from my main theme.

We have already seen that hydrogen and
helium are the two oldest elements of which we
have any direct experimental knowledge. They
also have the lowest atomic weight and are
therefore the simplest. The astronomical and
chemical lines of evidence are in complete har-
mony. Nebulium may be left temporarily out
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of account. Hydrogen and helium, then, are
the two elements with which to begin any
detailed study of elemental evolution. The
atomic weight of hydrogen, 1.0078, is the"
starting point, with helium next in order.
From these elements all other forms of matter
may have been derived. There is much evi-
dence in favor of this suggestion, although any-
thing like absolute proof is lacking and perhaps
unattainable.

Of the mechanism of the processes by which
the elements were built up we have no positive
knowledge. It is, however, in the highest
degree probable that they were formed under
extremely high temperatures and pressures, such
as we can not hope to reproduce experimentally.
That the evolution of the elements was accom-
panied by a progressive condensation is evident;
and it is also clear that the contraction from
the primal highly attenuated nebula to the
solid planet was something enormous—so great
that we can form no definite concention of its
magnitude. .

The two most promising lines of quantitative
attack upon the problem of elementary evolu-
tion are as follows: One begins with a study
of the numerical relations between the atomic
weights of the elements, and the other with
attempts to determine the structure of the
atoms. I cite these in their historical order,
which is not necessarily the one of greatest
importance. The atomic theory was still in
its infancy when in 1815 Prout suggested that
all the atomic weights were whole numbers,
based upon hydrogen as unity. Hydrogen,
then, was the primordial element from which
all others were derived. As most of the early
determinations of atomic weight were rather
crude and many of them close to integers,
Prout’s hypothesis was quite plausible. As the
determinations became more exact it was
found that few atomic weights were integral
and that many of them differed widely from
whole numbers. Prout’s hypothesis was there-
fore set aside, although it has recently been
revived upon a different foundation.

Since the time of Prout numberless attempts
have been made to trace relationships between
the atomic weights, but only a few of them
were of any scientific value. The subject was
a favorite one for a certain class of speculators,
who generally started with preconceived opin-
lons as to what atoms ought to be. Some
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interesting partial relations were pointed out
by competent investigators, but the first ad-
vance of general significance was the reconstruc-
tion of the entire scheme of atomic weights by
Cannizzaro, . which brought it into harmony
with the law of Avogadro. In this new system
the old chemical equivalent of oxygen, O=S8§,
became O=16, the present standard of value.
Definite relations between the atomic weights
now began to appear which previously were
unsuspected, and these found expression in
the “periodic law” of Mendeléef and the
Lothar Meyer curve of atomic volumes. In
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both generalizations the starting point was the
same, and the atomic weights were arranged
in the order of’ increasing magnitude, from
hydrogen up to uranium; or, as we can say
now, the order of their atomic numbers, an
expression. which has become significant only
within very recent years.

The periodic law, or periodic classification
of the elements, is given in the following table.
The atomic numbers precede the symbols of
the elements, and the atomic weights are given
below them. A different placing of the rare-
earth metals will be considered later.

Periodic table of the elements.

[The upper numerals in the headings indicate natural groups; the lower numerals (arabic) indicate valencies.

The rare-earth elements are

inclosed within a thick line.]

0 I I 111 v v VI VII VIII
0 +1 +2 +3 +4 —3-5 —2-6 —1-7 (@)
1H
1. 008
2He -|3Li 4Gl 53 6C TN 80 9F
4.00 6.9 9.1 10.8 12.00 14.01 16.00 19.00 |
10 Ne 11 Na 12 Mg 13 Al 14 8i 15P 15 S 17 Gl
20.2 23.00 24.32 26.96 28.07 31.04 32. 06 35.46
18 A 19K 20 Ca 21Sc¢ 22 Ti 28V 24Cr | 25Mn 26 Fe 27 Co 28 Ni
39.9 39.1 40.07 45.1 48.1 51.0 52.0 54,93 55.85 58.97 58.68
29 Cu 30 Zn 31 Ga 32 Ge 33 As 34 Se 35 Br
63.57 65.37 70.1 72.5 74.96 79.2 | . 79.92
36 Kr |37 Rb 38 Sr DY 40 Zr 41 Ch 42 Mo 43 — 44 Ru 45 Rh 46 Pd
82.92 85.45 87.83 89.33 90. 6 93.5 6.0 101.7 102.9 106.7
47 Ag 48 Cd 491In 50 Sn 51 Sb 52 Te 531
107. 88 112. 40 114.8 118.7 121.7 127.5 126.92
54 Xe 55 Cs 56 Ba 57 La 58 Ce
130.2 132. 81 137.37 139.0 140.25
59Pr 60Nd 61— 62Sm 63Fu 64Gd 65Tb
140.6 144.3 150.4 152.0 157.3 159.2
66Ds 67Ho 68Er 69Tu %0.Yb. 71Lu 72— | 73 Ta HwW 5 — %6 0s 7 Ir 8Pt
162.5 163.5 167.7 168.5 173.5 175 181.5 184.0 190.9 193.1 195.2
79 Au 80 Hg 81 Tl 82 Pb 83 Bi 840 85 —
197.2 200.6 | 204.0 207.2 209.0
86 Rn | 87— 88 Ra 8¢ 90 Th 91d 92U
222.0 226.0 232.15 238.2
a Valencies diverse. ) b Polonium? ¢ Actinium? d Protoactinium?



"found in more or less close association.

THE EVOLUTION AND DISINTEGRATION OF MATTER,

The significance of the foregoing table, of
which there are many variavts, is evident at a
glance. The elements in each vertical column
are closely allied, forming the natural groups
with which all chemists ave familiar. The al-
kaline metals, the series calcium, strontium,

~and barium, the carbon group, and the halo-

gens are examples of this regularity. In other
words, similar elements appear at regular in-
tervals and occupy similar places. If we fol-
low any horizontal line of the table from left
to right we find a progressive change of valency,
and in both directions we find a systematic
variation of properties. Broadly stated, the
properties of the elements, chemical and phys-
ical, are periodic functions of their atomic
weights; and this is the most general expres-
sion of the periodic law. At certain points in
the table gaps are left, and these are believed
to correspond to undiscovered elements. For

‘three of the spaces that were vacant when

Mendeléef announced the law he made specific
predictions, which, as has already been stated,
were verified by the discovery of scandium,
gallium, and germavium. Radium and the
inert gases, much more recently discovered, all
fall into their proper places in the table and
give additional emphasis to its validity.
Place No. 72 is undoubtedly to be filled by the
receutly discovered element termed hafnium
or celtium, two names which are at present in
controversy. The names assigned to Nos. 84,
89, and 91 are provisional only and may not
be sustained. The elements corresponding to
Nos. 43, 61, 75, 85, and 87 are as yet unknown,
although their properties can be predicted
with a close approach to certainty. '
The periodic table is also very suggestive as
regards the chemical relations and modes of
occurrence of the elements in nature. In the
first place, the members of the same elemen-
tary group have similar properties, form simi-
lar compounds, and give similar reactions, and
because of these conditions they are commonly
Thus
the platinum metals are seldom found apart
from one another; chlorine, bromine, and
iodine occur under very similar conditions;
selenium is found in native sulphur; cadmium
is extracted from ores of zinc; and so on through
a long list of regularities. The group relations
govern many of the associations that are
actually observed, although they are modified

-able amplitude.
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by the conditions that influence chemical
union. Even here, however, regularities are
still apparent. In combination unlike ele-
ments seek one another, and yet there appears
to be a preference for neighbors of approxi-
mately equivalent mass. For example, silicon
follows aluminum in the scale of atomic
weights, and in the crust of the earth silicates
of aluminum are far the most abundant min-
erals. An even more striking example is fur-
nished by the series oxygen, sulphur, selenium,
and tellurium. Oxidized compounds of many
elements are found in the mineral kingdom,
but most of them are compounds of metals of
low atomic weight. Above manganese, sul-
phides are abundant; but selenium and tellu-
rium are more often united with the heavier
metals silver, mercury, lead, or bismuth, and
tellurium with gold. The elements of high
atomic weight seem to seek one another, a ten-
dency which is indicated in many directions,
even though it may not be stated in the form .
of a precise law. The general rule is evident,
but its full significance is not so clear.

One phase of the periodic law, equally sug-’
gestive with the preceding table, is shown in
Lothar Meyer’s curve of atomic volumes.
When these volumes are plotted against the
atomic weights they give a curve that consists
of a series of undulations or waves of consider-
On these waves similar ele-
ments occupy similar positions—the alkaline
metals at the crests, the heavier metals in the
depressions, and the other elements in orderly
arrangement between these extremes. The
regularities are very striking and continue as
far as the elements of the rare-earth group
above cerium, where the waves flatten out,
until at tantalum the curve becomes normal
again. Similar curves can be-drawn for other
physical properties of the elements, with simi-
lar results. Richards,* for example, has super-
imposed upon the curve of atomic volumes
curves representing compressibilities, coeffi-
cients of cubical expansion, and the reciprocals
of the melting points. All four curves are
similar in type and show the same periodicity.
They are somewhat ragged, but nevertheless
they tell the same story. The irregularities
are due partly to defective data and partly to
the fact that the physical constants were not

4 Richards, T. W., Am. Chem. Soc. Jour., vol. 37, p. 1649, 1915.
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determined under strictly equivalent condi-
tions. The atomic volumes, which are the
ratios between the atomic weights and the
specific gravities of the solid elements, are
especially in need of revision. The specific
gravities of some elements were determined at
temperatures relatively near their melting
points, those of others at temperatures 1,000
or more degrees below them. It is pos51ble
that if all could be determined at points near
the absolute zero, or, as an alternative, at
points just below the temperature of fusion, a
smoother curve might be given.

The curve of atomic volumes, as given in
Plate XXII, is reproduced, with the author’s
permission, from Professor A. W. Stewart’s
volume “Some physico-chemical themes”
(London, 1922). In one respect it is likely to
be misleading. The atomic volumes are calcu-
lated from the atomic weights, not from the
atomic numbers. 4

In the region of the rare-earth metals, be-
tween cerium and tantalum, the regular evolu-
tion of the elements seems to have been
" ‘interrupted, so that a systematie periodicity is
no longer evident. These metals all resemble
one another very closely and form compounds
of similar type. Their normal oxides are all
of the form R,0,, their chlorides are RCl,, and
so on, and they are therefore to be considered
trivalent. Cerium, however, which is a mem-
ber of this group, also forms a dioxide, and it
is therefore possibly quadrivalent, although
most of its compounds are of the trivalent
type. The earlier elements of the group,
which appear in the periodic scheme—namely,
scandium, yttrium, and lanthanum—are all
normal.

Furthermore, the rare earths occur in nature
under similar conditions, they are almost
everywhere intimately associated, they are
difficult to separate, and their oxides are not
easily reducible to metals. These very inti-
mate relations need to be explained, and the
curious flattening of the Lothar Meyer curve
in the part of the atomic-weight scale which
the rare-earth metals occupy gives us a clue
to their mode of origin. It is evident.that
they must have been formed under very similar
conditions, which changed but slightly as the
atomic weights increased. In other words,
the conditions were nearly constant, but not
quite, for with absolute constancy there would

have been only one element generated instead
of at least a dozen.

The two preceding paragraphs lead at once
to a very simple hypothesis. In the course of
evolution from the hottest to the coolest stars
there was probably a period of undeterminable

duration when the rate of cooling and con- .

densation was in some unknown way retarded,
so that the conditions became nearly uniform.
During this period, which was followed by one
of increased activity, the elements of the rare-
earth group were formed. This hypothesis
gives a rational explanation of the known
facts concerning these elements and is there-
fore, despite its speculative feature, legitimate.
If it is sound, then. the elements of the rare-
earth series should appear in the periodic table
as prolonging the trivalent group, and not be
scattered under other groups to which they
can not possibly belong.’

One more curiously suggestive relation con-
necting three distinct groups of elements
deserves consideration here. The halogens, F,
Cl, Br, I, are strongly electronegative; the
alkaline metals, Li, Na, K, Rb, Cs, are strongly
electropositive; and these two groups are
separated by the inert gases, He, Ne, A, Kr,
Xe. So we have the following triads: F, Ne,
Na; Cl, A, K; Br, Kr, Rb; I, Xe, Cs. The
atomic weights in each triad are consecutive.
Another probable triad is incomplete; only
He and Li are known. One more electro-
negative element is needed here, which should
be a gas of greater chemical activity than
fluorine and of lower atomic weight. Is
nebulium, with atomic weight near 2.7, the
missing member? If so its chemical activity
might account for the nonappearance of its
lines in the stellar spectra. Was it used in
building other elements? That question I
have asked already, but it is not yet answered.
Here we enter the realm of pure speculation,

the foundations of which are insecure. Specu-
lation is of value only in so far as it is sug- .

gestive. The intervention of the inert gases
between two groups of great chemical activity
is well established, but I must leave its explana-
tion to physicists and mathematicians.
Although the periodic classification of the
elements is now thoroughly established, there

5 In this mode of placing the rare-earth metals, I find that I have been
anticipated by Dr. C. Renz (Zeitschr. anorg. allgem. Chemie, vol. 122,
p. 143, 1922). My interpretation of the schemeis, I think, new.
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are certain details of it that remain to be
adequately investigated. The numerical rela-
tions between the atomic weights can not at
present be discussed with any approach to
finality. The problem is complicated by fre-
quent changes—for example, within the last
two or three years the atomic weight of
scandium has been raised from 44 to 45, that
of bismuth from 208 to 209, and that of
antimony from 120.2 to 121.77. Recent in-
vestigations relative to “isotopes’ have thrown
doubt upon the definiteness of the atomic
weights as they have been actually determined;
and until that question is settled experimentally
the true numerical relations must remain un-
certain, The theoretical atomic weights will
" be considered later.® '

Now, using the word in its chemical sense,
let us ask: What is an atom? Here many
loose reasoners have gone astray and have
assumed that because atoms have been found
to be decomposable, the atomic theory is
overthrown. They seem to regard the etymo-
logical meaning of the word as having ultimate
significance, but etymology is an unsafe guide
in the discussion of scientific problems. The
technical significance of e word may be quite
unrelated to its etymological history. What,
for instance, does the word ‘‘chloroform”
mean? According to etymology, a green ant!

In brief, the chemical atoms are now known
to be complex, ranging from the comparatively
simple hydrogen up to the highly complicated
and unstable uranium. Each atom is supposed
to consist of an electropositive nucleus, at-
tended by one or many electrons of opposite
sign. In the hydrogen atom there is one
‘“planetary’’ electron, in helium two, and so
on regularly up to 92 in uranium, at the present
summit of the atomic-weight scale. These
electrons are also supposed to be, above a
certain small number near the beginning of
the scale, arranged in rings or perhaps con-
centric shells around the nuclei. Whether
they are revolving about the nuclei, like planets
around the Sun, or are relatively at rest is an
open question. Models that show the struc-
ture of atoms have been constructed, but they
are not in complete agreement. The prevalent
opinion regards each atom as resembling a
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miniature solar system, and the term ‘“planetary
electrons’’ is used to distinguish those around
the nucleus from some which have found place
within it. The mass of an atom is almost
entirely concentrated in the nucleus, for it
is known that the weight of a single electron
1s only about v of that of an atom of hydro-

‘gen, or 0.00054 on the ordinary scale of atomic

weights.

On this foundation Rutherford 7 has erected
his scheme of elementary evolution, starting
with the hydrogen atom. The nucleus, or
“proton,” and the single electron are taken as
the two fundamental constituents of all matter,
whether element or compound, and these units
are purely electrical. Prout’s hypothesis has
come to life again, but in a highly modified
form. '

The next important step in the study of
atomic structure was taken by Moseley,® who
from measurements of the X-ray spectra of the
elements discovered relations which proved
that ‘“there is in the atom a fundamental
quantity which increases by regular steps as we
pass from one element to the next”’—that is,
the next in the ascending scale of atomic
weight—and that ““this quantity can only be
the charge on the central positive nucleus.”
That charge increases with increasing atomic
weight and so follows the order of the elements
upward, or in other words the order of the
atomic numbers H 1, He 2, Li 3 Ca
20, Zn 30, and so on up to U 92. These num-
bers are now regarded by many physicists as
of more fundamental importance than the
atomic weights from which they were first de-
rived. In the series of atomic numbers, just
as in the periodic law, there are gaps that rep-
resent undiscovered elements. There is no
place in the scheme, however, for nebulium
or coronium. The atomic numbers may have
to be revised.

Now, without rejecting Moseley’s “law,” we
must admit that the experimental evidence for
it is incomplete. The region of the metals of
the rare earths needs to be investigated, so as
to determine whether their atoms carry elec-
trical charges in the order demanded by the
law. Does their anomalous character show
itself here? The curious relations of the inert

6 For a vory complote history of the periodic law, see Venable, F. P.,
Tho periodic law, Easton, Pa., 18906—a valuable contribution to the
history of chemistry.

7 Rutherford, Sir Ernest, Nature, vol. 110, p. 182, 1922,
8 Moseley, H. G. J., Philos. Mag., 6th ser., vol. 26, p. 1024, 1913; vol. 27,
p. 703, 1914.
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gases, which have already been pointed out,
also need explanation. The periodic variations
in the physical properties of the elements also
seem to require adjustment to the law. The
difficulties thus suggested may be more appar-
ent than real, but they should not be ignored.

The question has often been asked whether
the atomic weights of the elements are definite
constants, or merely statistical averages of
slightly differing values? The actual determi-
nations were made on masses of material con-
taining millions of atoms, which may or may
not be exactly alike but are tacitly assumed to
be so. To state the problem in different form,
what are the elements as we really know them ?

In a remarkable series of experiments Aston °
has obtained evidence, which he regards as
proof, of the complexity of the atomic weights
as determined by chemical methods. Power-
ful positive rays in a magnetic field were driven
upon a number of elements, which then gave
on photographic plates what he calls their
“mass spectra.” These spectra show lines
corresponding to whole-number atomic weights,
which, with. some exceptions, represent not
the accepted values but some higher and some
lower. The new lines, as interpreted by Aston,
are due to ““isotopes,” and the elements yielding
them are regarded as mixtures. The subject
of isotopes I shall take up in the final section
of this paper, where it properly belongs. A
few elements gave mass spectra of single lines,

which nearly agreed with the accepted atomic

weights, and these Aston defines as “simple
elements.”

From the evidence furnished by the mass
spectra Aston concludes that all the true atomic
weights, including the isotopes but excepting
hydrogen, are whole numbers. This rule he
regards as fundamental, although it is based
on O=16 as the standard of values. But this
standard was originally adopted as a matter
of convenience and had at first no theoretical
foundation. It seems, therefore, as if its im-
portance is overrated. Nevertheless we may
assume the validity of the rule and see how
nearly the atomic weights of some of the
“simple elements” conform to it. That is,
How far do the real atomic weights diverge

9 Aston, F. W., Isotopes, London, 1922. In this volume Aston gives
a complete summary of his own researches, together with much material
relative to Rutherford’s work, Moseley’s law, the periodic system, and
related subjects.
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from the theoretical whole numbers? The
figures are given in the following table:

Atomic weight.
) Diver-
™ gence, 1
) eo- | partin—
Found. retical.

Glucinum.............. 9.018 9.0 500
Nitrogen............... 14.008 14.0 1, 750
Aluminum............. 26.963 27.0 730
Phosphorus............ 31.04 31.0 773
Sulphur................ 32.06 32.0 540
Arsenic................. 74.96 75.0 1,875
Todine................. 126.92 127. 1, 588
Caesium................ 132.81 133.0 700

These divergences are too large to be ascrib-
able to experimental errors. The poorest of -
the atomic-weight determinations cited above

is probably correct within 1 part in 3,000, and

that of nitrogen is trustworthy, I think, within
1 part in 10,000. I base my opinion on & care-
ful study of the methods by which each value
was determined and especially on their con-
cordance.

That the real and the ideal rarely coincide is
well shown in the preceding table, and I ven-
ture to cite two well-known examples of such
disagreement. Avogadro’s law, that equal vol-
umes of gases under equal conditions contain
equal numbers of molecules is rigorously ap-
plicable only to ideally perfect gases. To the
real gases with which we have to deal the law
applies approximately and is subject to correc-
tion by the two small constants discovered by
Van der Waals. The law of electrolytic dis-
sociation. is true only for infinitely dilute solu-
tions, and solutions of that kind do not come
within our experience. Under working con-
ditions it may be nearly true. Now, if the
whole-number rule for the atomic weights is
theoretically sound, a supposition which is not
yet proved, we may have to assume a distinc-
tion between perfect and imperfect elements,

-and for that assumption there is some justifi-

cation. Uranium, as we know it, has been
slowly decomposing for millions of years, and
the uranium that remains is partly decayed.
The atomic weight of the normal element as it
was before decay began is quite unknown.
Thorium offers a similar example, and it is fur-
thermore very doubtful whether any thorium
exists that is quite free from ionium of cer-
tainly lower atomic weight. In short, the
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radioactive elements are probably all imper-
fect in the same way. Are any other ele-
ments defective? That we can not say, unless
we attempt to define a perfect element. Such
an clement should be absolutely stable and
therefore undecomposable, and only the primal
protyle would satisfy these conditions. Hy-
drogen is the simplest known form-of matter,
but is there nothing simpler? We do not
know. . :

In Rutherford’s scheme of elementary evo-
lution he uses the hydrogen nucleus with its
single electron as a primary unit, and helium,
with four protons and two electrons, as a
secondary unit. From hydrogen and helium
nuclei and electrons the complex nuclei of all
the other atoms are supposed to be built up.
A system similar to this has been developed by
Harkins,® who assumes another hypothetical
unit of mass 3, composed of three protons and
two electrons. This new unit may be equiv-
alent to nebulium, but that is by no means
certain. The system, however, works well
and brings out some interesting relations
between the atomic weights, which may be
partly real and partly coincidental. Ruther-
ford seems to neglect nebulium, and neither
he nor Harkins takes into account coronium,
of unknown atomic weight. Its possible im-
portance, however, ought not to be ignored.
Coronium surely exists and must play some
part in the evolution of matter. In Nichol-
son’s scheme of elemental evolution! coronium,
nebulium, and a hypothetical protofluorine
are utilized and given atomic weights. That
of coronium is assumed to be a little more
than half that of hydrogen.

So far the views of Rutherford and Harkins
are in essential harmony with the astronomical
evidence. Hydrogen and helium are two
primary units from which other elements were
developed, but in the electrical theory an
assumption is made to which an alternative
hypothesis is possible. The helium nucleus is
supposed to be built up from four hydrogen
nuclei or protons. But He=4, and H=
1.0078; so that 4H is really 4.0312, or slightly
less if the loss of two electrons is deducted.
A loss of mass in forming helium is therefore
assumed and is explained by an electro-
magnetic theory of “packing.” For this

10 Elarkins, W. D., Phys. Rev., 2d ser., vol. 15, pp. 73, 141, 1920.

11 Nicholson, J. W., Philos. Mag., 6th ser., vol. 22, p. 864, 1911. Co-

. rouium and nebulium are also taken into account by Rydberg (Jour.
chim. phys., vol. 12, p. 585, 1914).
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explanation, which is not very clear, I must
refer to the publications of Rutherford and
Aston already cited.

Suppose now that helium instead of being
a quasi polymer of hydrogen is really an
independent entity of mass 4. This sup-
position may not be in complete agreement
with the electrical theory of matter as that is
now formulated, but it is sustained by some
evidence. Hydrogen is chemically active,
helium is inert, and it is not easy to see how
four atoms of the one could coalesce to form
an atom of the other. In the nebulae the two
elements appear to be widely separated, with
no suggestion of any other relation between
them than that of a possible common ancestor.
Furthermore, the .alpha ray of radioactive
transformations is an atom of helium, which
shows no sign of further decomposition. A
priori the new hypothesis is just as plausible as
the other, although neither is completely
proved. That the alleged loss of mass is not a
necessary assumption seems to be clear. In.
the formation of compounds there is no
indication of any “packing effect,” although
there may be very great condensation.

It is in the highest degree probable that
hydrogen and helium are two fundamental
elements in the evolution of matter. But
nebulium should be considered with them as
baving some part, if only a subordinate one,
in the evolutionary system. From the position
of its lines in the spectrum of the great nebula
of Orion, Fabry and Buisson, by interferometer
measurements, found its atomic weight to be
2.7, or almost exactly 22. Now, the atomic
weights of several other elements, taken as
whole numbers, are even multiples of this
figure and also of the atomic weight of helium.

From a much larger list I select the following
atomic weights for comparison with that of
nebulium and with one another; Helium, 4;
oxygen, 16; magnesium, 24; sulphur, 32; cal-
cium, 40; titanium, 48; iron, 56. Five of
these elements, it will be remembered, are
those which appear earliest in the hotter stars.
Now, with nebulium (Nm) = 24, the comparison
is as follows: '

3 Nm= 8=2He

6 Nm=16=4He=0

9 Nm=24=6He
12 Nm=32=8He=2 0
15 Nm=40=10He
18 Nm=48=12He=3 O
21 Nm=56=14He
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Regarded superficially the foregoing figures
are very suggestive, but they must not be
taken too seriously. They may, perhaps,
express approximate relations, and they show
that nebulium deserves consideration in any
scheme of atom building. It is, however, an
unruly element, for it disturbs the order of
atomic numbers, and its atomic weight is not
integral. The latter irregularity is not serious,
for five of the elements in the table have atomic
weights that diverge appreciably from whole
numbers. Whether the divergences indicate
mixtures of isotopes remains to be seen. The
table as it stands is an excellent example of the
ease with which the theorist can find relations
between the atomic weights if he is only allowed
to take a few little liberties with the facts.

Two other sets of figures approximating
atomic weights are worth citing here. Whole
numbers are assumed, and.the symbols rep-
resent the atomic weights:

Fe=28i=4N=8Li=14He
Mo=2Ti=38=4Mg=60=8C=24He

These relations are very striking, but have
they any real significance relative to the
evolution of the elements? If we were to
arrange 92 integers, taken at random between
the atomic weights of hydrogen and uranium,
and as nearly as possible equally spaced,
should we not be likely to find many numerical
* relations between them? In short, is not the
problem of the atomic weights something more
than a mere numerical exercise? This question,
I think, needs no answer. If many of the
chemical atomic weights are merely “statisti-
cal averages” of two or more isotopic values,
any attempt to discover exact mathematical
relations between them will surely be futile.
Since the- discovery of radioactivity atomic
genealogists, if I may call them so, have been
‘extremely busy. Their contributions to the
literature of the subject are very numerous,
and I can not undertake to summarize them
here. Some of their publications are worth-
less, and some are extremely valuable, but
nearly all are more or less one-sided, for they
lay undue stress upon mathematical or physical
or chemical data, and each writer. ventures
little out of his own special field. Not until all
lines of evidence have been brought into con-
vergence. can the problem of elementary
evolution be solved. The workers in different
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fields and with different outlooks must learn
how to cooperate.

In every attempt that has heretofore been
made to explain the evolution of the elements
in detail there are difficulties which must be
faced. Some of these difficulties have already
been considered. The integrity of the atomic
weights has been called in question, and the
deviation of many of them from whole numbers
has not heen satisfactorily explained. The
theory of atomic numbers is also incomplete,
for it makes no allowance for possible elements
simpler than hydrogen, or between hydrogen
and helium; and it reverses the observed order
of three pairs of elements, namely, potassium-
argon, nickel-cobalt, and iodine-tellurium.
That these reversals are justifiable is by no
means certain. The positive evidence should
not lightly be set aside.

In the last analysis the problem of ele-
mentary evolution seems to be one of equilib-
ria, or, which is much the same thing, of
relative stabilities; and the fundamental
data are those which relate to atomic struc-
ture. On this subject there is as yet no general
agreement, but the scheme that has been most
favorably received is that developed by
Rutherford and his colleagues, to which I have
already referred.

At first sight Rutherford’s scheme of evolu-
tion appears to be very simple and symmetrical,
but it is by no means free from difficulties, and
some of these lie at its very foundations.
The light electron and the massive proton are
defined as ‘“‘atoms of negative and positive
electricity’; but what these definitions mean
is not clear. As the elements above helium
are developed the nuclei or groups of protons
become more and more complex, and just how
the protons are held together is unexplained.
The uranium