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ABSTRACT

Upper Cretaceous strata in the southeastern Kaiparowits region of south-
central Utah consist of approximately 3,500 feet of interfingering sandstone,
mudstone, shale, and coal in the Dakota Formation (oldest), Tropic Shale,
Straight Cliffs Formation, and Wahweap Formation (youngest). The formatioms
consist of several depositional facies that can be recognized by characteris-
tic lithologies, bedding structures, and fossils; these are the alluvial
plain, deltaic plain, lagoonal-paludal, barrier sandstone, and offshore marine
facies. The distribution of facies clearly defines the paleogeography of the
region during several cycles of marine tramsgression and regression.

The nonmarine beds were deposited on a broad alluvial coastal plain that
was bordered on the west and southwest by highlands and on the east and north-
east by the Western Interior seaway. The marine beds were depositad whenever
the seaway advanced into or across the region.

The Dakota Formation and the lower part of the Tropic Shale were deposited
in nonmmarine and marine envircaoments while the shoreline advanced generzlly
westward actoss the region. The middle and upper parts of the Tropic Shale and
the Tibbet Canyon and Smoky Hollow Members of the Straight Cliffs Formation
were deposited in marine and nonwarine environments when the seaway had reached
its greatest areal extent and began a graduzl northeastward withdrawal. An
unconformity at the top of the Smoky Hollow represents a period cf erosion and
possibly nondeposition before deposition of the John Henry Member of the
Straight Cliffs.

The John Henry Member grades from nonmarine in the southwest to predomin-
antly marine in the northeast, and was deposited during cwo relatively minor

cycles of transgression and regression. The Drip Tauk Member at the top of the

(v

Straight Cliffs Formation is a widespread sandstone unit deposited mainly in
fluyial environments. Some of the beds in the northeastern part of the region
were probably deposited in marine waters during the final incursion of the
seaway into the Kaiparowits region. The overlying Wahweap Formation was de-

posited in nommarine envirooments.



Slight but continued tectonism during Late Cretaceous time is indicated
by lateral changes of facies and thickness variations that coincide at least
partly with present structures. These criteria indicate that Laramide tecton-
ism consisted of two phases. An early phase that lasted from about late Albia=z
fo late Campanian time included regional subsidence, basin downwarping, and
movement on local folds and faults. A later phase that lasted from late
Campanian to about late Paleocene time included regional uplift, monoclinal
flexing, and probable new faulting, as well as continued basin downwarping
and movement on local folds and probably on the older faults.

The principal economic resource in the Kaiparowits region is bituminous
or subbitumincus coal in the John Heanry Member. Because basin deownwarping and
movement on local folds occurred during deposition, the thicker and more con-
tinuous coal beds are in the ancestral synclines and the deeper part of the
structural basin., Presently indicated resources total 7.3 billion toans, but
considerably larger quantities are probably present in the unexplored parts of
the region. Several potential resources include ground water, titeniferous

sandstone, and possibly oil and gas.



INTRODUCTION

The Kaiparowits region in south-central Utah contains coal-bearing strata
of Cretaceous age that comprise a major undeveloped energy resource in the
Western Interior of the United States. In the southeastern part of the region,
much of the coal has been burned at the surface, and the resulting ash beds are
concealed by talus or are indistinguishable from baked mudstone and sandstone
except at perfect exposures in cliffs. At higher altitudes in the northeastern
part of the region, soil, talus, and vegetation conceal the coal beds. Because
of these factors, a detailed stratigraphic investigation was necessary in ordér
to understand the nature of the ccal deposits and to assist in a program of
classifying Federal lands in the region for their mineral value.

This report describes the general stratigraphy and the depositional facies
of the Dakota, Tropic, Straight Cliffs, and Wahweap Formations in the south-
eastern part of the Kaiparowits region. The stratigraphic relations in these
formations aud in younger formations in other parts of the region record sedi-
mentation by merine and nonmaripe processes and concurrent tectonism that is

described here for the first time.

Geography

The Kaiparowits region is in the southwestern part of the Colorado Plateau
Province in Kane and Garfield Counties, Utah (fig. 1). Most of the region has
an irregular outline, but the northeast side is a nearly straight erosional
escarpment named the Straight Cliffs., This escarpment is 1,000-2,00C feet high
and extends 50 miles southeast from Escalante, Utah. The maximum distance
across the region southwest from the Straight Cliffs is about 40 miles. The
Kaiparowits region is a plateau that is prominently higher ihan the terrain
that borders it on the northeast, southeast, and southwest. The northwestern
part of the region merges with the high plateaus of central Utah.

The nearest community is Glen Canyon City, Utah, on the southwest side of
Wahweap Creek canyon on U.S. Highway 89. About 6 miles south of the State line
on Highway 89 is the town of Page, Ariz. No permanent habitations exist in the
region, but during 1964-65, Resources Corp. maintained a camp appropriately

named ''Cretaceous, Utah" on Smoky Mountain about 2 miles southeast of Steamboat

w



o
o wn” cmumere—" w—e e
v ———

UTAH \
3
¥ 16,65
L
KOLOB -
TERRACE
45 .

<

po

~7 7§

COLOR

% /|Gtor; "Q

) punction
g’

T T NEVADA

__KA’PAEOV/,TS \V/‘w.' Y /,

BASIN

ADO

P
o~

. D

FIGURE l.--Index map showing major Cretaceous outcrops in parts of

Utah, Colorado, New Mexico, and Arizona.
Erdmann, and Reeside (1960, fig. 1l).

Modified from Fisher,




Rock. Access is mainly by jeep, but the northeastern area between Croton
Creek and the Straight Cliffs has no roads and access there is mainly by foot

or horseback. Cattle grazing is the main use of the land.

Previous Work

The earliest comprehensive geologic study of the Kaiparowits region was
made by H. E. Gregory and R. C. Moore during 1915-27 and was published in
1931. Earlier geologists passed through the region, but only a few observa-
tions and measured sections were published, and these are now mainly of histor-
ical interest. An excellent account of the geography and early exploration of
the region is given in Gregory and Moore (1931, p. 1-35). Geologic investiga-
tions afrer 1931 inclgded reconnaissance studies for uranium (Zeller, 1933) and
titaniferous sandstone (Dow and Batty, 1961), coal mapping in the Tropic, Utah,
area (Robison, 1966), and oil and gas exploration mainly in the northwestera

part of the region (summarized in Kunkel, 1965).

Present Investigations

The present study is part c¢f a comprehensive program by the U.S. Geological
Survey of mapping, evaluating, and classifying the mineral resources in pubdlic
lands in the Kaiparcwits region. 1In the summer of 1963, H., A. Waldrop began
geologic mapping of the Nipple Butte 15-minute topographic quadrangie in the
southern part of the region, and during the fall of the sane year the writer
began a combined project of geologic mapping in the Guesight Butte and Cummings
Mesa quadrangles and determining the stratigraphic relations of coal-bearing k
strata throughout the southeastern part of the Kaiparowits region. H., D.
Zeller, W. E, Bowers, and E. V. Stephens began mapping projects in the vicinity
of Escalante, Utah, in 1964, 1965, and 1966, respectively. The mapping by
Waldrop has been completed, and the results are currently being prepared for
puﬁlication. A brief preliminary report on the coal-bearing Cretaceous forma-
tions in the southern part of the region was published by Peterson and Waldrop
(1965), and a brief summary of the coal-bearing Straight Cliffs Formation was
made by Peterson, Bowers, Waldrop, and Zeller (1966) and Peterson (1969).
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"mation--Glen Caayon Division. Horses and packing during 1968 were furnished
by Walter Smallcanyon of Tonalea, Ariz., and McKay Bailey of Escalante, Utah.
The fossil collections were identified by the following: D. H. Dunkle,
Nicholas Hotton 3d, and G. E. Lewis (vertebrates); J. F. Mello (foraminifers);
J. E. Hazel (marine ostracodes); I. G. Sohn (fresh-water ostracodes); R. A,
Scott and R. H. Tschudy (spores and pollen); R. A. Scott and J. A. Wolfe
(wood, fruits, and leaves); R. E. Peck (charophytes); N. F. Sohl (gastropods).
Molluscs, worm tubes, corals, and broad categories of shark teeth and decapod

.

crustaceans were identified by W. A. Cobban and the writer.



METHODS OF STUDY

A geologic mapping program to cover the entire Kaiparowits region is
still in progress, although sufficient work has already been accomplished to
determine the stratigraphic relations upon which this report is based. The
various formations, members, coal zones, and coal beds are mapped at the scale
of 1:24,000 with plane table and alidade aided by high-altitude aerial photo-
graphs., In the stratigraphic study, significant beds or contact relations
were traced throughout the region wherever exposures and access permitted.
Sections of strata were measured by hand leveling or with 6- and 50-foot tapes,
although a 5-foct jacob staff and Abney level were used where the beds dip more
than about 5°. Approximately 330 published and unpublished sections, of which
about 60 were measured by persons other than the writer, were evaluated.
Nearly 19C sections are illustrated in this report, and due credit is given
where the sections were measured by others. Sandstone, mudstone, and shale

samples were collected from selected sections for laboratory analysis. Fossils

were collected throughout the region, and a summary list is given in the descrip-

tion of esach stratigraphic unit. Detailed information concerning each coilection

is given in the appendix.

Approximataly 1,300 measurements of the azimuth of dipping crossbedding
were made to determine the general direction of flow of fluvial and marine
currents. The results are plotted as rose diagrams that include: the number
of measurements in the center of the rose; the resultant, which is the vector
mean of the measurements; and the consistency factor, a numerical expression
for the consistency of direction of the individual measurements (Craig and
others, 1955, p. 146-147). A consistency factor of 1.00 would be obtained if
all the crossbedding dipped in the same directioh; a consistency factor less
than 0.20 indicates an insignificant trend (Stewart and others, 1959, p. 493).

The study of depositional facies generally proceeded along with the
mapping. Environments of deposition were determined first in areas where the
relations were reasonably clear, such as in a regressive sequeﬁée of beds or
where fossils were abundant. The distinguishing or characteristic lithologic,
bedding, paleontological, or other criteria were noted and evaluated with
respect to criteria in the literature. This was aided by the writer's previous

experience in studying Cretaceous rocks in the San Juan Basin of New Mexico



and examination during the spring of 1967 of similar modern environments of

deposition in the northern Gulf of Mexico coastal region. As the field

studies progressed, several categories of depositional facies were established,
tested, modified when necessary, and retested until a satisfactory and reason-
ably consistent scheme of broad facies classification of the strata was estab-
lished.

Laboratory investigations.consisted of qualitative and quantitative
déterminations of the major lithologies in the following manner:

Thin sections of 276 sandstone samples, mainly from four measured sec-
tions of the Dakota and Straight Cliffs Formations, were stained with Hdgberg
solution which stains calcite blue and leaves other carbonates unstained. The
unstained carbonate was determined as dolomite from X-ray analyses of 12
samples. The other constituents were identified by ordinary optical methods
that were aided, where possible, by the X-ray analyses., Three hundred points
(excluding cement) were counted in each thin section to determine mineral
percentages.

Other than quartz, many of the constituents of the nonmariue sandstones
have been altered to sil.- and clay-size materials, and the textural parameters
obtained from these rocks would not be representative of the original sediment
if the pavameters were based strictly on quantitative measurements of the
different sizes of materials. For this reason, median grain size and sorting
were obtained partly by comparison with standardized thin sections calibrated
by the methods of Friedman (1958, 1962) and partly by visual evaluation of
the size distribution of the quartz grains. Although this method is somewhat
subjective, the parameters thus obtained are more representative of the original
sediment than a purely objective evaluation of the materials. Another textural
parameter, the maximum clast diameter, was obtained by observation in the
field and is the intermediate diameter of the largest grain, pebble, or cobbhle
found at the outcrop.

" The sandstone classification (fig. 2) is a simplified version of a classi-
fication proposed by Gilbert (1958, p. 292-293). If the sandstone contains 10
or more percent matrix, it is termed impure (example, impure feldspathic sand-
stone), but the diagram is based only on the relative proportion of stable

grains, unstable grains, and feldspars.



Stoble grains

Quartz sandstone

Feldspars Unstoble grains

Stable grains = quartz, chert, and quartzite.
Unstable grains = clastic dolomite and clastic calcite.

FICURE 2.--Classifica’ ion of sandstones. Percentages indi-
cale relafive proportion of stable grains, unstavle grains,
and feldspars. All sandstones in this study cortain more
than 50 percent stable grains. Matrix is not included 'in
the diagraw but if 10 or more percent matrix is present Lhe
rock is termed impure (example, impure feldspathic sand-
stone) .



X-ray diffraction traces were run on 32 samples of shale and mudstone;

identification and quantitative measurements were made by the methods of
Schultz (1964) and Weaver (1958). Six traces were made of each sample; one
was on the unoriented powder sample, and five were run on the following
oriented aggregate samples: untreated, glycol treated, heated to 300°C,
heated to 550°C, and magnesium chloride treated. These methods permit chlor-
ite, kaolinite, illite, montmorillonite, vermiculite, biedellite, and mixed-
layer clays to be distinguished.

Rock colors were noted by comparison with the G.S.A. Rock-Color Chart
(Goddard, 1963), and bedding terminology follows the recommendations of McKee
and Weir (1953). Grain-size terminoclogy is listed according to the modified
Wentworth Grade Scale given in Dunbar and Rodgers (1957, p. 161l). Matrix in
the thin-section analyses includes clastic materials finer than coarse silt
size (finer than 1/32 mm). Where possible, locations are referred to the
measured sections (pl. 1), which eliminates the cumbersome quarter-section-

township-range nomenclature.
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ORGANIZATION

The Upper Cretaceous formations are composed of widely varying lithol-
ogies with complexly interfingering relations that are best understood in
terms of the environments in which they were deposited. For this reason,
the remainder of the report is divided into the following four chapters:

(1) Description of the lithologic character, general stratigraphic relations.
and age and correlation of the stratigraphic units; (2) the depositional
facies and the distribution of facies in the various formations; (3) sedi-
mentation and tectonism, in which the conditions of deposition are inter-
preted from the distribution of facies and the tectonic evolution of the
region is hypothesized from the lateral changes of facies and thickness

variations; and (4) economic resources.
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UPPER CRETACEOQOUS FORMATIONS

The Cretaceous rocks of the southeastern Kaiparowits region include the
Dakota Formation, Tropic Shale, Straight Cliffs Formation, and Wahweap Forma-
tion (table 1). Two other Cretaceous formations present in the northwestern
Kaiparowits region were not included in the investigations. These are the
Kaiparowits Formation and an overlying unnamed unit of mudstone and conglom-
erate recently discovered by W. E. Bowers (1968). With the possible.exception
of the poorly dated lower beds of the Dakota Formation, no Early Cretaceous
rocks are known to occur in the region.

Local conglomerate bads and lenses as much as about 80 feet thick occur
at the top of the Morrison Formation (Upper Jurassic) and can be easily
mistaken for basal beds of the Dakota., Lateral tracing in the field indicates
that these conglomerates interfinger with other lithologies at the top of the
Morrison and shiould not be included with other conglomerate beds that dc¢ occur
at the base of the Dakota.

The gecologic structure of che Cretaceous formations is fairly simple:
the beds generally dip less than 3° appreximately nortawest toward the struc-
turally deeper part of the Kaiparowits pasin, which is several miles northwest
.0f the area cf study shown on plate 1. Dips as much as about 10° occur in
the northeastern part ¢f the region at Grand Bench monocline and Croton syn-
cline and in a small area in the central part on the northeast flank of Smoky
Mountain anticline in the vicinity of Steamboat Point (T. 40 S., R. 3 E.).

The stecpest dips in the southwestern part are at Echo monocline where Creta-
ceous strata dip as much as 13° eastward. Displacement on the faults is
small; at Echo monocline the maximum noted by Waldrop and Sutton (1966a) in
Cretaceous rocks is 80 feet and the maximum displacement on faults in the

remainder of the region is 44 feet.
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TABLE 1.--Summary of Cretaceous formations in the southeastern
Kaiparowits region

SER~- STRATIGRAPHIC THICKNESS
STAGE DESCRIPTION
1ES UNIT (FT)
Top eroded
Interbedded gray to light-brown
Wahweap 1172+ - sandstone and yellowish-green
Formation 1502+ mudstone; locally fossilifer-
ous; nonmarine
. . Light-gray to light-brown sand-
Campanian Drip .
Tank 141~ stone and conglomeratic sand=-
Member 255 stone; nonmarine in southwest
g to partiy marine in northeast
ol
e Interbedded white to lighc-brown
g John N sandstone, yellowisn-green mud-
o ol 660- stone, carbonaceous mudstone,
. F Henry | — c Ay
Santonian " Member A[L1133 and coal; locally fossilifer-
e g @ ous; nonmarine in southwest to
Coniacian e — marine in northeast
m © 3 U formit
g o 3 nconformity —————i
2 E o < Interiedded white to brown sand-
~ - Smoky \ .
m o Hollow 24- stone, yellowish-grean mud-
= = , 132 stone, carbonacesus mudstone,
3 a Member and ceal; nonmarin
8 —— T Q 5 [} ine
o . Gray tc light-brown sandstons
) . Tibbet . .
N | Turonian : 70~ interbedded with gray mudstone
&) Canyon .
185 near base; fossils scarce;
u Member .1 .
g mainly marine
A
=] — Gray shale and calcareous shale,
610- grades to mudstone near base
Tropic Shale 205 and top; limestone concretions
in lower 40 feet; fossilifer-
ous; mainly marine
< Interbedded light-brown sand-
o Upper 0-68 stone and gray mudstone; local-
S member ly fossiliferous; mainly
8 brackish-water to marine
e [= o]
9 | | Cenomanian § S Interbedded gray to brown sand-
S f Middle $'4-76 stone, yellowishrgreen mud-
g & member | — stone, carbonaceous mudstone,
o o . .
5 2 — and coal; nonmarine
© (=] Lower 0-66 Gray to brown conglomerate and
H member sandstone; nonmarine
4 2 ?
5] !
-
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Dakota Formation

- The Dakota Formation was originally termed "formation no. 1" by Meek
and Hayden (1856) for a series of sandstones and clays at the base of the
Cretaceous System in eastern Nebraska. Later, the same authors used :the
name ''Dakota Group Formation No. 1" for the same beds and gave a morz ex-
panded discussion of the formation, noting that it also contained sezzms of
impure lignite (Meek and Hayden, 1861). In the Kaiparowits region, Cregory
and Moore (1931, p. 95) applied the term '"Dakota(?) sandstone" to "I:z=
irregularly bedded sandstone [that] includes sandy and carbonaceous shale,
poor coal, and locally conglomerate.'" Unfortunately, Gregory and Moore

"used paleontological criteria to distinguish the Dakota from the ovec-lying
Tropic Shale: "a rather arbitrary division of the lowermost Upper Crztaceous
strata has been made; the sandstone, coal, and shale below the lowes: marine
fossil-bearing beds are classed as Dakota(?), and the beds above the=,
including sandstcne and coal, are referred to the Tropic shale."

Lawrence (1965, p. 75-78) pointed out the inadequacy of formati:= con-
tacts based on the presence or absence of certain tvpes of fossils. e
redefined the Pakecta and Tropic Formations in southwestern Utah on z lith-
ologic basis and proposed that the upper coatact of the Dakota shouli be
"above the highest ledge-forming sandstone in the basal part of Grezcry and

Moore's Tropic." Because the Dakota contains an abundance of rock tpes

N

other than sandstone, Lawrence followed Van De Graaff's (1963, p. 67} sugges-
tion to call it the Dakota Formation. Lawrence also suggested dropring the
query after Dakota(?), a practice that has been adopted by many work:zrs in
other parts of the Colorado Plateau.

The advantage of Lawrence's redefinition is that the heterogenz:-us

lithologies of the Dakota Formation are clearly separated from the =ssential-

(i)

ly uniform lithology of the overlying Tropic Shale, and the redefinsZ forma-
tions are easily recognized, mappable units. Accordingly, Lawrence's
redefinition of the Dakota Formation and the Tropic Shale has been zZopted
throughout the Kaiparowits region. In the southeastern Kaiparbwits region,
however, it is significant to note that the contact separating the =iddle

and upper members of the Dakota as used in this report is essentiall:r the same
contact that Gregory and Moore intended to separate their "Dakota(?} sand-

stone'" and "Tropic shaie."



The Dakota Formation ranges in thickness from 14 to 168 feet and con-
sists mainly of mudstone, carbonaceous mudstone, sandstone, conglomerate,
and coal. The formation weathers to a series of dark ledges and slopes
above the light-gray cliffs of the underlying Jurassic formations and below
the dark-bluish-gray slopes of the overlying Tropic Shale (figs. 3, 4, 5).
The Dakota is here divided into the lower, middle, and upper members for

purposes of stratigraphic discussion and synthesis.

LOWER MEIMBER

The lower member of the Dakota Formation consists mainly of chert-~
pebble conglomerate in the southwestern part of the region near Wahweap
Creek. Farther northeast, the member consists mainly of pebbly sandstone
or sandstone. The member commonly forms cliffs or ledges, and where less
than about 5 feet thick it is generally concealed by talus.

The conglomerate is generally yellowish gray (6Y 8/1), and the clasts
are composed mainly cf chert (which includes silicified limestone) wich less
than about 10 percent quartzite, petrified wood, and feldspathic sandstone
pebbles. The estimated median diameter of the clasts 1is about 0.5 inch and
the intermediate diameter of the largest cobbles is about 4 inches. Approxi-
mately 10-20 percent of the conglomerate is composed of sand=-, silt-, and
clay-size matrix, and the beds are poorly to moderately cemented by calcite.
The following composition is from a count of 447 pebbles made near Wahweap
Creek and is typical of the lower member.

Composition of pebbles in conglomerate in lower member
of Dakota Formation (meas. sec. 12)

Percent
Chert-=------cecmc e ccccmcn e e 91
Graye=-=--=cmccccmcmcecmaaa- 41
Gray, contains fossils------- 5
Blackes~==cocmcmcmmmcmcnca e 17
White-==wecccmc-ccmenccncacan 14
Orange==-=--=-m=e--=cmcec-cc-on 7
Banded black and white------- 5
Redewcmecmma e m e e e e e m e e 2 .
Quartzite=----==---mcecmmccaaa e anaae 6
Petrified wood==-=--ecmcccmmcccnunan--a 2
Feldspathic sandstone------==-=c-=-u- 1
100
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Sandstone and pebbly sandstone is interbedded with the conglomerate
or is the dominant lithology in the central and northeastern parts of the
region. The sandstone is generally yellowish gray (5Y 8/1) or locally light
brown (5YR 5/6), fine to coarse grained, poorly to moderately sorted, and
poorly to moderately cemented by calcite or rarely by silica. Black graims
and flecks of carbonaceocus material are locally common and help to distin-
guish these beds from sandstones at the top of the underlying Morriscn For-
mation. In thin section, many of the grains are well rounded or fcagmented
with a few well-rounded edges still preserved. The quartz grains are
strained, and inclusions in the quartz are absent or of the regular, irreg-
ular, or acicular types (Mackie, 1897, p. 152). The feldspars and accessory
mirerals are a small and almost insignificant part of the total mineral
assemblage. Most of the clay minerals in the matrix have the optical proper-
ties of the kaolin group of clay minerals (Kerr, 1959). The following compo-~
sition is an average of the modal analyses shown on plate 2. According to
the classification used in this report, a rock of the following composicion
would be termed an impure quartz sandstone.

Average of eight nocal analyses, in percent, of sandstone In lower
member of Dakota Formation (cement not included)

All Constituents
constituents (1) ( 2, (B
(1) Stable graing=e======e--c-emmeeceeae e cccmceeaaeaa 87 99
QuUartzer-sr=memrm e e mem e 80
Chertem-=--mecccccccc e e mem e ece e = 6
Quartzite~~--=--cemmmeemre e cccn e m o 1
(2) Feldspars==---=c-c-mecememmr e memmne e e meenen-
(3) Unstable grains=----=-cc-eccmcemcncrccmccmnec e 0 0
(4) Matrixe=------ccmomeccmcee e Cecem e 12
(5) Accessory minerals (biotite, muscovite,
tourmaline, zircon)==---c-eccccmmcrmr e <1
100 100

Bedding is generally indistinct in the conglomerates and sandstones of
the lower member. In the southwestern part of the region, the member contains
small channels that are about 10-30 feet wide and 5-10 feet deep. Larger
channels 1-2 miles wide are present at the base of the member and probably

were small stream valleys that trended northeastward (pl. 3). The
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lithologies in both types of channels are not significantly different from
those in the rest of the member. The bedding, where present, consists of
low- to high-angle medium- to large-scale trough cross-stratification that
dips down the axis of the channels.

Minor lithologies in the lower member include dark-gray (N3) carbona-
ceous mudstone that is slightly more silty than carbonaceous mudstone in the
overlying middle member and scarce beds of light-gray (N7) to dusky-yellow
(5Y 6/4) bentonitic mudstone. The mudstone occurs in lenses as much as
about 5 feet thick and also as tongues of the middle member.

The lower member is 0-66 feet thick, and this variation is attributed
to several factors: 1interfingering with the middle member, channeling at the
base, erosion by streams during deposition of the middle member, or local
nondeposition., Although this suggests complete randomness in thickness vari-
ations, two generalizations can be made that have significance as far as
deposition is concerned. First, the lower member generally thins northeast-
ward from Wahweap Creek to Fiftymile Point, indicating that the main source
area was to the southwest. Second, the member is thicker in synclines and
downtarown faulc blocks and thinner in anticlines and upthrown fauit block
in several parts of the region, indicating that the folds and faults were
probably growing tectonic features during deposition.

The basal contact of the lower member is a disconformity with as much
as 40 feet of relief in amy local area (pls. 3, 4). In a regional sense the
unconformity is slightly angular, and the Dakota rests on successively older
Jurassic formations from northeast to southwest (fig. 6).

The upper contact of the lower member is concealed by talus and soil in
many places, but where exposures are adequate the lighter colored sandstone
and conglomerate of the lower member contrast sharply with the darker mud-
stone and sandstone of the middle member (fig. 3).

Fossils are rare in the lower member, and only a few poorly preserved
fragments were found in a conglomerate hed about 5 miles east-southeast of
Glen Canyon City. These were identified by Nicholas Hotton 3d.and D. H.
Dunkle as carapace fragments of a turtle that could have been a mud turtle.
The lower member is probably about early Cenomanian in age on the basis of
stratigraphic position beneath the middle member which is probably about

early to middle Cenomanian in age, interfingering of the upper part of the

20



STuoTiewIog rioded o1 Jo votljisodap oy qoiad dulpoTive urtelunoy depo) 1ex3sadue jo 3ytfdn
pPue SUOTIRWIO[ DISSLAN[ JO Ful]dadg JrooTvol PIRMISOMIIDOS w:~.3c£m Hor329s dTydeadiyeais---g9 JUNOLI

)
3U0}SPUDS DPDIUT <
| s s S RS N R c .
SIIMNS 6 ¥ ¢ 2 1 O . 2
auoispuos (Z)sbuiadg mo) vw‘v.
w
UO|}DWIOY WOSIIION a
I S W W e P W U [ o
12qwaw 13moT} o
uoi4owioy n
doJpIDM 'V H Jaquaw 2jppPIN 010400 \ >
kqQ painsoaw ¢p pupo 7 m
‘er ‘er 'Ir ‘vl suonass wnyop Jaquaw 12ddn e
Juw
008 —
004 —
009 — PPosyug
006 — @
00t — w:o+mBCDW
00€ — vorsou / a&‘ $6yy, u4o14uD
con ] 140wio0y uoSIiiop A ulojuUROW 10P3D
|DA4sSIOUY
001 — _
||. T 1 L
° 2 . / /E:»ov
4334 SJ3qQuWiaw J|PPIW PUD 13MO| ‘voljowiod D40NDQ

ke

_.
(turod Irwihiyry)
$SDaYj 10N

sajlw/g

) @& O

@ &

o 9%

(231D dpamyom)
samynog

21



lower member with the lower part of the middle member, and the lack of uncon-
formities in the Dakota. Direct evidence is lacking, however, and part or
all of the lower member conceivably could'be of late Early Cretaceous age.

Some of the chert pebbles contain fossils that collectively indicate a
source of late Paleozoic age. A list of these fossils from throughout the
region follows. .

Fossils in chert pebbles in the lower member
of the Dakota Formation

Protozoa
Undetermined fusulinids

Coelenterata
Syringopora? sp.

Echinodermata
Undetermined pelmatozoan columnals

Bryozoa
Archimedes sp.

Brachiopoda
Undetermined articulate forms

MIDDLE MEMDER

The middle member of the Dakota Formation is a ledge- and slope-forming
unit of interbedded sandstone, mudstone, carbonaceous mudstene, and cocal.
The rocks weather brown, yellowish green, or black and are fairly well exposed
in the southwestern and central parts of the region but are poorly exposed
in the northeastern part of the region (figs. 3, &4, 5).

The sandstone beds are light gray (N7) to grayish orange (10YR 7/4) and
yellowish gray (5Y 7/2), very fine to fine grained, moderately sorted, and
cross-stratified. Fluvial channel sandstone beds in which the crossbedding
dips consistently in cne direction down the axis of the channel are cormmon
in the southwestern and central parts of the region (pl. 5). Scattered
quartz and chert granules or small pebbles occur locally at the base of the
channels, and leaf impressions or plant fragments are scarce but occur
locally at the top. .

The sandstones consist mainly of subangular to subrounded slightly
strained quartz grains containing all the major types of inclusions. The
feldspars amount to less than 5 percent of the rock and are mainly‘of the

plagioclase varieties (oligoclase and andesine), although scarce potassium




feldspar is also present. The clastic dolomite grains are polycrystalline
aggregates or monocrystalline grains. Approximately 10-20 percent of the
sandstone is silt- and clay-size matrix in which most of the clay minerals
have the optical properties of the kaolin group. The accessory minerals are
a small and almost insignificant part of the mineral assemblage. Most of
the sandstones are well cemented by calcite. The following composition is
an average of the modal analyses shown on plate 2. According to the classi~
fication used in this repert, a rock of the following composition would be
termed an impure quartz sandstone.

Average of six modal analyses, in percent, of sandstone in the
middle member of the Dakota Formation (cement not included)

All Constituents
constituents (1), (2), (3)
(1) Stable grains=-===-----=--e-ccmcomacoann 75 89
Quarta-=----vmmmree e e 71
Cherte=--v=w-cmcmmmccere e e 3
Quartzite-=---==ccmemceenaa-a 1
(2) Feldspars=sm--==---moccmemmce e 2 3
(3) Unstable grains-=-----=-vomemcoeumanaunn 7 8
Clastic dolomite-m=mmceeee-nem 7
() Matrige-==-ec-merec e rr e e eee e 15
(5) Accessory minerals (biotite,
garnet, glauconite, muscovite,
tourmaline, zircon)-~-=----=-c-eccm-ua 1
100 160

Dusky-yellow (5Y 6/4) to light-olive-gray (5Y 5/2) mudstone that
weathers to a yellowish-green color is the most abundant type of mudstone
in the southwestern and southern parts of the region. It is very thin to
thin bedded. Sample 222 in table 2 is from an outcrop that is typical of
the dusky-yellow lithology and shows a mixture of about 10-20 percent each
of quartz, calcite, kaolinite, illite, and mixed-layer clays and a small
amount of chlorite. Sample 221 (table 2) is from light-olive-gray mudstone
and shows somewhat larger percentages of quartz, montmorillonite, and mixed-
layer clays and somewhat lower percentages of chlorite, kaclinite, and
illite. Montmorillonite in the mixed-layer clays causes the rock to swell
slightly when moistened, thus meriting the descriptive term "bentonitic."
Small blackish-red (5R 2/2) to moderate~brown (5YR 4/4) concretions composed

mainly of siderite occur locally in these beds.
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*
TABLE 2.--X-ray diffraction analyses, in percent, of mudstone and
bentonite from the middle member of the Dakota Formation

Benton- Carbon- Light-olive~ Dusky-
ite aceous gray mudstone yellow
muds tone mudstone
Sample number: 183 2290 221 222

Major constituents:

. Quartze--=---=ccemeecceoeaoo 0 14 30 20
Potassium feldspar=--------- 0 0 2 6
Plagioclase feldspar-------- 0 0 0 2
Calcite==-==-cccecacccconomo 0 0 1 11
Dolomite--==--cocmeececunua" 0 0 0 8
Gypsum==--c==cms oo me e 0 0 0 1
Clay minerals==--=-ccccccoue 100 86 67 52

Clay minerals:

Chlorite=--====cccccmcoaona- 1 0 1 6
Kaoclinite=-=---cwevcecw-cucrcna 11 71 11 17
Illite=---~-mmmemmcecmcmraa 0 0 7 11
Montmorilleonite-----c=vooeu- 17 7 16 1
Mixed-layer®emmmeammcammaonn 71 8 32 17
Clay minerals as proportion of

clay fracticm:

Chlorite---==--cmwc-ccccc-cnaa 1 0 1 11
Kaolinites==---wommccacuc—uo 11 83 16 32
Il1lite=-=--m=cmcmccccmnu- 0 0 11 22
Montmorillonite~-==---c----- 17 8 24 1
Mixed-layerSee-eecemccmaooon 71 9 48 34

Location of samples

183. Middle member, 9 ft above base of formation; Sit-down Bench, near
meas. sec. 86; from bentonite marker bed.

220. Middle member, 21 ft above base of formation; south side of Smoky

: Mountain, meas. sec. 38.

221, Middle member, 34 ft above base of formation; same locality as
220,

222, Middle member, 40 ft below top of formation; south side of Nipple
Bench, near meas. sec. 18.

* = mixed-layer illite-montmorillonite clays.
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Pale-brown (S5YR 5/2) to black (N1) laminated to very thin bedded car-
bonaceous mudstone is the most common type of mudstone in the central and
northeastern parts of the region. Sample 220 in table 2 is from an outcrop
that is typical of this lithology and shows a composition predominantly of
kaolinite. The abundance of carbonaceous materials and the association with
coal beds indicate that this lithology was deposited in paludal conditionms,
and according to Keller (1957), kaolinite is the common end product of authi-
genic processes acting on clay minerals in this type of enviromment.

Minor, but significant, lithologies in the middle member include four
coal beds and a bentonite marker bed. The coal beds are designated by
numbers 1 to 4, with coal bed 1 as the oldest and coal bed 4 as the youngest.
Some of the coals reach a maximum thickness of about 4 feet, but this is rare
and generally they are less than about 2 feet thick. Coal bed 4 cccurs at
the top of the middle member and usually can be identified by lateral persist-
ence along the outcrop and by means of fossils or key sandstone beds just
above in the upper member of ths formation. The bentonite marker bed occurs
between coal beds 1 and 2 and is an ideal marker bed that, as a rcugh rule ¢of
thumb, lias abeut at the top of the lower third of the middle member. Exact
correlation of the lower three coal beds is generally not possible where this
mar<er bed is missing or where the coals are only a few inches thick. The
bentonite bed is as much as about 2 feet thick but generally is less than 1
foot thick. Anm analysis of clay minerals from this bed (sample 183, table 2)
indicates that it is composed mainly of mixed-layer clays and a small quantity
of montmorillonite and kaolinite.

The middle member is a maximum of 76 feet thick at Wahweap Creek and
irregularly thins northeastward to a minimum of 4 feet at Fiftymile Point
(fig. 7; pls. 6, 7, 8). Like the lower member, the middle member thins over
depositional highs that coincide with anticlines or some of the upthrown
fault blocks and thickens in synclines and some of the downthrown fault blocks.

The upper contact of the middle member is the top of coal bed 4 or
equivalent strata. This contact is sharp and is marked by the-highest coal
or carbonaceous mudstone bed in the Dakota throughout the central and north-
eastern parts of the region. Near Wahweap Creek a few higher thin cocal beds
are present, but the contact can be distinguished readily by brackish-water

fossils in beds immediately overlying coal bed 4. Marine or brackish-water
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fossils have not been found in the middle member, and apparezzly they are
restricted to the upper member of the formationm.

Megafossils are rare and are poorly preserved in the micile member.
The fluvial channel sandstones locally contain a few bone frzzments, but
the beds are too well cemented and the fragments too small tc merit collec-
tion., Fossils collected by H. A. Waldrop and the writer inclu:de a fresh-
water pelecypod, Unio n. sp., identified by W. A. Cobban, arnd undetermined
plant leaves. The microfossil genera listed below are from s :uples collected
by H. A. Waldrop and the writer from strata in the middle mez=>er between
the bentonite marker bed and coal bed 4; they were identifie< 5y R. A. Scott
and R, H. Tschudy.

Spore and pollen genera in the middle member
of the Dakota Formation

Botryococcus Gleicheniidites
Anemia Monosulcites
Cicatricosisporites Tricclpopollenites
Arvpendicisporites Retitricoipirces

According to R. A. Scott and R. H. Tschudy (oval commun., 1986), the

tricolpate pollen indicate an age no older than Albian, Thz :bsencs of
angiosparm pcllen cther than the tricolpate type suggests an 2z2 o younger
than Cenomanian, and late Cenomanian index fossils in overlying beds in the
upper member of the Dakota confirm this. Another sample col.:zcced by H. A.
Waldrop from strata in the middle member belcw the bentonite =zarker bed
contained a florule similar to the above but it lacked tricc_:-orate and
other complex pollen grains. According to R. A. Scott (oral zommun., 1966),
this florule is not diagnostic but would not be inconsistent with an Early
Cretaceous age.

Stratigraphic and paleontological criteria from nearby r=gions offer
somewhat conflicting evidence for the age of the lower and =ZZdle members of
the Dakota in the Kaiparowits region. About 90 miles northwzst of Wahweap
Creek near Cedar City, Utah, Paul Averitt collected the Earl+ Cretaceous

pelecypod Protelliptio douglassi (Stanton) from strata reass:gzned to the

Dakota by Lawrence (1965, p. 80-83). The fossil came from z thin limestone
bed about 400 feet below the top of the Dakota whidh, in thaz area, is about
1,075 feet thick (Averitt, 1962, p. 26). Lawrence (1965, p. 31, fig. 4)

showed that the Dakota thins eastward from Cedar City to the Xaiparowits
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region mainly by thinning in the middle of the formation, and thus a lower
undetermined part of the Dakota in the southeastern Kaiparowits region
could be of Early Cretaceous age., On the other hand, palynomorphs from the
Dakota Sandstone in Black Mesa basin of northeastern Arizona suggest a
Cenomanian age (Agasie, 1969).

In the Kaiparowits region, the contact between the middle and upper
members of the Dakecta is marked by a change in environments of deposition,
Sut the contaét apparently is not an unconformity and the middle member is
probably only slightly older than the upper member. The late Cenomanian

cephalopod Metoicoceras defordi Young was found in the upper member, and the

close relationship of the two members suggests that the middle member is

probably about early to middle Cenomanian in age.

UPPER MEMBER

The upper member of the Dakota Formation is composed of sandstone, mud-
stone, and shale and minor amounts of carbonaceous mudstone and cocal. The
thicker sandstone beds crop out as prominent cliffs and ledges, but the less
resistaat bads form slopes that are commonly conceeled by talus. The member
interfingers with the lower part of the Tropic Shale, and many of the mud-
stone and shale bads are tongues of the Tropic that are too thin to map
separately,

Sandstone beds in the upper member are grayish orange (1lO0YR 7/4) to
moderate brown (10YR 5/4) and very fine to fine grained with indistinct or
irregular very thin to thin bedding or scarce low-angle medium-scale cross-
bedding. The sandstones consist mainly of subangular to subrounded slightly
strained quartz grains containing all the major types of inclusions. Feld-
spar is scarce and generally of the plagioclase varieties (oligoclase and
andésine), although rare potassium feldspar is also present. The clastic
dolomite grains are polycrystalline aggregates or monocrystalline grains.
The matrix is composed of silt- and clay-size constituents in which the clay
minerals have the optical properties of the kaolin group. Glauconite amounts
to as much as 2-3 percent in some of the thin sections, although the other
accessory minerals are a small and almost insignificant part of the mineral
assemblage. Except for the glauconite, these sandstones have essentially

the same mineralogy as those in the middle member. The following
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composition is an average of the modal analyses shown on plate 2. According

to the classification used in this report, a rock of the following composi-

tion would be termed an impure quartz sandstone.

Average of nine modal analyses, in percent, of sandstone in
upper member of Dakota Formation (cement not included)

All Constituents
constituents (1), (2), (3)
(1) Stable minerals=-=--=-c-ccmcommoneanan 78 91
Quartz------c-memmecceeeeao 74
Cherte---==cmecccmccecnenao 3
Quartzite-----------=cco-a- 1
(2) Feldspars==-==-==-==emccocmcmccncnana 2 2
(3) Unstable minerals===-=-=c--=ucocao-ooo 6 7
Clastic. dolomite~=-==-==v=-- 6
(4) Matrixe------cemomcemcre e cmees 13
(5) Accessory minerals (biotite,
garnet, glauconite, musco-
vite, tourmaline, zircon)---------=- 1
100 100

Mudstone and shale beds in the upper member are medium dark gray (N4)
to dusky yellow (5Y 6/4) and laminated to thin bedded. The mineralogy is
probably similar to that of the lower part of the Tropic Shale. Mincr
lithologies that occur in the southwestern part of the region are dark-gray
(N3) to black (N1) laminated to very thin bedded carbonaceous mudstone,
thin blackish-red (5R 2/2) fossiliferous beds of siderite 1-2 feet thick
that occur locally at the base of the member, and thin coal seams less than
1 foot thick. Thin coquinoid mudstone or sandstone lenses that contain
numerous oyster shells are generally present at or near the base of the
member throughout the region.

The upper member is 37-68 feet thick in the southwestern part of the

region in Wahweap Creek valley (fig. 3). A conspicuous ledge-forming sand-

stone bed as much as 17 feet thick and containing numerous Exogyra levis
Stephenson in the upper 1-2 feet occurs at the top of the membér in the
southwestérn area and clearly marks the upper contact. This bed pinches
out eastward from Wahweap Creek, and the upper contact is, therefore,

lowered to the top of the next highest underlying sandstone bed (fig. 7).
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Conspicuous sandstones are absent in the central part of the region where

the contact is placed at the top of a fossiliferous sandstone bed 1-3 feet
thick that overlies the middle member (fig. 4). Another conspicuous ledge-
forming sandstone bed as much as about 20 feet thick and also containing
numerous E. levis in the upper 1-2 feet is at the top of the upper member

in the northeastern part of the region (figs. 7, 5). This bed is slightly
older than (and is not the same bed as) the ledge-forming sandstone bed at
the top of the member in the southwestern part of the region. Thin coquinoid
mudstone and sandstone beds about 0-3 feet thick that contain abundant
oyster shells are common at the base of the member and aid in distinguishing
the lower contact. The lowest of these beds contains scarce pebbles and
rare cobbles of black chert as much as 3 inches in diameter and rare light-
gray quartzite pebbles as much as 1% inches in diameter; some of the chert
pebbles and cobbles contain fusulinids, tabulate corals, and peilmacozoan
columnals.

Fossils are locally abundant and moderately well preserved in the sand-
stone and ccquinoid beds but generally are poorly preserved or praseyved as
external molds in the mudstone and shale beds. The fetliowing lists are of
fossils collected frem the upper member of tlie Dakota and correlative beds

in the lower part of the Tropic Shale below the faunal zone of Sciponoceras

gracile (Shumard). Considering the eantire southeastern Kaiparowits region,
these beds can be divided into a threefold vertical sequence of units that
are based on the distribution of lithologies and interpretations of the age
and conditions of deposition. The three units are related to Western
Interior faunal zones in the following paragraphs because of the need to
consider the strata in terms of time, but the boundaries of these zones may
be somewhat arbitrary. From oldest to youngest, the faunal zones that are
inferred or indicated for strata in the upper member of the Dakota and the

lower part of the Tropic are: =zone of Dunveganoceras pondi Haas, zone of

Dunveganoceras conditum Haas, and zone of Dunveganoceras albertense (Warren).

The fossils were collected by H. A. Waldrop and the writer, and the identi-
fications were made by W, A. Cobban, D. H. Dunkle, Nicholas Hotton 3d, and

the writer.
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Fossils in the zone of Dunveganoceras pondi Haas

Pelecypoda
Barbatia sp.
Ostrea prudentia White
Ostrea sp.
Plicatula hydrotheca White
Anomia sp.
Brachidontes multilinigera (Meek)
Corbicula? sp.
Lucina sp.
Cardium sp.
Corbula sp.

The zone of Dunveczanoceras pondi Haas is inferred for about 2-7 Zzet of

interbedded mudstone, shale, and sandstone at the base of the upper mez=ber
of the Dakota in the northeastern part of the region and for correlati-es

strata farther southwest (fig. 7). Index fossils were not found, and :he

presence of the zone is suggested by (1) Ostrea prudentia which indiczzes a
late Cenomanian age and possibly an age no older than the zone of D. z:adi,
according to Cobban and Reeside (1952, p. 1017); (2) the sharp change In
environments of depcsition at the base of the inferred zone of D. por:ii in
the Kaiparowits raogion, which may correspond to the sharp change in iiI:hology
(frcwm shale to limestone) at the base of this zone in the Great Plains
(Cobban and Reeside, 1952; Hattin, 1965, p. 44); and (3) the position >eneath
overlying beds that contain fossils indicating the next younger zone <I D.
conditum. Ths paleontologic evidence suggests that these beds belong in the
zone of D. pondi, but the evidence is not conclusive and some or poss.>ly

all of these beds could be in the younger zone of D. conditum. The izferred
presence of the zone of D. pondi in the southeastern Kaiparowits regica
suggests that these beds correlate approximately with the Lincoln Limzstone
Member of the Greenhorn Limestone (table 3) in the standard reference se-

quence of Cretaceous formations for the Western Interior (Cobban and “zeside,

1952).
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Fossils in the zone of Dunveganoceras conditum Haas

Pelecypoda Gastropoda
Pinna petrina White Gyrodes? sp.
Phelopteria sp. Cephalopoda -

Ostrea sp.
Exogyra levis Stephenson
E. olisipcnensis Sharpe

Metoicoceras defordi Young
M. cf. M. whitei Hyatt

Plicatula hydrotheca White Vertebrata--Osteichthyes (bony £fish)
Plicatula sp. Undetermined pycnodontoid tooth
Corbicula? sp. Undetermined fish scale

Cardium cf. C. pauperculum Meek
Cardium sp.

Callistina? sp.

Ccrbula sp.

The zone of Dunveganoceras conditum includes the uppermost sandstone bed

in the northeastern part of the region and correlative strata farther south-
west (fig. 7). The upper 1-3 feet of the sandstone bed in the northeastern

part of the region contains abundant Exogyra levis and a small number of

E. olisipcnensis and Plicatula hydrotheca. At Fiftymile Point this bed thins

to 1-5 feet and the fossil fauna is more varied, containing Callisctina? sp.
(locally abundant), Card:um sp., Corbula sp., E. levis (lecally abundant),

E. olisiponensis, QOstrea sp., Phelopteria sp., Pinna petrina, Plicatuia sp.,

Gyrodes sp., and Metoicoceras defordi. The mudstone ard shale facies of

this sandstone bed southwest of Surprise Valley contains Cardium cf. C.

pauperculum, Corbicula? sp., Corbula sp., E. levis, Plicatula hydrotheca,

fish scales, and a pycnodontoid fish tooth.

The boundaries of the zone of Dunvegancceras conditum are placed rather

arbitrarily at the top and the bottom of the sandstone bed in the northeast-

ern part of the region in which the index fossil Metoicoceras defordi was

found. The index fossil was found in the upper sandstone bed of the Dakota
at Fiftymile Point (meas. sec. 138, fig. 7). W. A, Cobban (oral commun.,

1966) identified the fossil as the densely ribbed species of Metoicoceras

found in the range zone of D. conditum in Montana (Cobban, 1953, p. 47) and

restricted to that zone in the Western Interior. Metoicoceras defordi

indicates that these beds are of late Cenomanian age and correlate approxi-
mately with the lower part of the Hartland Shale Member of the Greenhorn
Limestone (table 3) in the standard reference sequence of Cretaceous forma-

tions for the Western Interior (Fisher and others, 1960, p. 23).
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Fossils in the zone of Dunveganoceras albertense (Warren)

Pelecypoda
Inoceramus aff. I. concentricus Parkinson
Inoceramus sp.
Ostrea prudentia White
Ostrea sp.
Gryphaca newberryi Stanton
Exogvra levis Stephenson
E. olisiponensis Sharpe
Plicatula hvdrotheca White
Brachidontes multilinigera (Meek)

Cymbophora? sp.
Corbula sp.

Cephalopoda
Neocardioceras? sp.

Vertebrata--Chondrichthyes (sharks and skates)
Scapanorhynchus subulatus (Agassiz

The zone of Dunveganoceras albertense is inferrad for the 18-foot sand-

stone bed at the top of the Dakota in the southwestern part of the region
and for correlative strata in the Tropic Shale fartrer northeast (fig. 7).
In the northeastern part of the region, the zone includes strata from the
base of the Tropic up to the base of beds containinz limestone concretions

with Sciponoceras zracile (Shumard). 1In the southwzsrern part of the region,

the upper 1-3 feet of the upper sandstone bed of the Dakota contains abundant

Exogyvra levis and a small number of E. olisiponensis, Ostrea prudentia, and

Plicatula hvdrotheca. South of Wahweap Creek (meas. sec. 51, pl. 6), strata

in the lower part of the zone contain several thin coquinoid beds with
abundant QOstrea sp., and strata in the upper part contain Corbula sp.,

Cymbophora? sp., Inoceramus aff. I. concentricus, and QOstrea sp. Fossils

in the mudstone and shale beds in the central and northeastern parts of

the region are not common, but Gryphaea newberryi, I. levis, Neocardioceras?

sp., and Scapanorhynchus subulatus were collected there.

Index fossils were not found in strata here assigned to the zone of

Dunveganoceras albertense, but the zone is inferred by QOstrea prudentia

which suggests an age no younger than about the zone of D. albertense
(Cobban and Reeside, 1952, p. 1017) and by stratigraphic position between

beds containing index fossils for the zones of D. conditum and Sciponoceras

gracile. The inferred presence of the zone of D. albertense suggests

approximate correlation with the upper part of the Hartland Shale Member of
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the Greenhorn Limestone (table 3) in the standard reference sequence of
Cretaceous formations for the Western Interior (Fisher and others, 1960,
p. 23). “

In conclusion, the upper member of the Dakota and the lower part of
the Tropic Shale are of middle to late Cenomanian age on the basis of fossil
evidence. The age of the lower and middle members of the Dakota is uncertain
because of lack of age-diagnostic fossils, but the lack of unconformities
and the apparently continuous sequence of deposition throughout the formation
suggest that tha lower and middle members are probably of about early to
middle Cenomanian age. On the basis of evidence cited in the preceding para-
graphs, the Dakota Formation is correlated with the Dakota Sandstone of the

Black Mesa and San Juan Basin regions, as shown in figures 8 and §S.

Tropic Shale

The Tropic Shale was originally named by Gregory and Mcore (1931, p.
98-99) for gray shale unit between the Dakota and Straight Cliffs Formations

utheastern

C

near the town oif Tropic, Utah, about 30 miles northwest o the g
Kaiparcwits region. Gregory and Moore also included coal and fossiiiferous
sandstone beds at the base with the Tropic Shale, but in the southeastern
Kaiparowits region these lithologies are included in the upper member of the
Dakota in accordance with Lawrence's (1965) study and recommendations. As
thus restricted, the Tropic is dominantly a thick gray shale unit that
weathers to broad slopes and benches or forms cliffs where overlain by
resistant sandstone beds at the base of the Straight Cliffs Formation (figs.
10, 11).

Several faunal zones are either known to be present in the Tropic Shale
or are inferred from indirect evidence; they are listed here as an aid in
- describing the lithologic and faunal variations of the formation, but they
are not rock stratigraphic units, From highest to lowest these are:

zone of Collignoniceras hvatti (Stanton) -
zone of Collignoniceras woollgari (Mantell)

zone of Inoceramus labiatus (Schlotheim)

zone of Sciponoceras gracile (Shumard)

zone of Dunveganoceras albeltenve (Warren)

zone of Dunveganoceras conditum Haas

zone of Dunveganoceras pondi Haas
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Thin beds of mudstone, siltstone, and sandstone occur mainly in the

lower and upper parts of the Tropic. Strata in the zones of Dunveganoceras

pondi, D. conditum, and D. albertense contain grayish-orange (1OYR 7/4) to

moderate-brown (10YR 5/4) mudstone, siltstone, and very fine to fine grainec
poorly to moderately sorted sandstone lenses that have indistinct or irregu-
lar horizontal bedding or low-angle crossbedding (meas. sec. 37, pl. 6). A
bed of grayish-orange (10YR 7/4) mudstone, about 12 feet thick, that has
indistinct bedding is present in the zone of D. conditum from Smoky Mountain
northeast to Surprise Valley where it grades laterally into the uppermost

sandstone bed of the Dakota. The zone of Inoceramus labiatus contains several

laminae of biogenic sandstone composed mainly of Inoceramus prisms and

Foraminifera., Stracta in the zone of Collignoniceras hyatti and the upper

part of the zone of C. woollgari contain beds of grayish-orange (1O0YR 7/4)
to moderate~-yellowish-brown (lOYR 5/4) mudstone, siltstone, and very fine
grained poorly to moderately sorted laminated to thin-bedded sandstone. The
number and the thickness of the sandstone beds generally increase upward to
the contact with the lowest sandstone bed of the Straight Cliffs Formation.
Thin beds of very light gray (N8) bentonite that are generally less
than 1 foot thick occur throughout the formation but are most abundant in

the zone of Sciponoceras gracile and the lower part of the zone of Inccsramus

labiatus. One bentonite bed in the zone of Collignoniceras woollgari locally

reaches a thickness of 11 feet in the cliffs above Sit Down Bench. An

analysis of a sample from this bed is given below.

X-ray diffraction analysis, in percent, of bentonite
in Tropic Shale
[From measured section T5 at Sit Down Bench,
548 feet above base of Tropic Shale)

Quartze=--e-ecccemc e e e 31
Potassium feldspar===---==-cecccocccccnca. 0
Plagioclase feldspar=-----=e-=cce-cccc-uu- 0
Calcitem=rrocrmme e c e e e e o1
Delomite-==-oeomcmcocr e rcc e me e e rcm e e 2
GypsSuUm~======cmmrmm e e e e e e e 0
Montmorillonite==-==---=veecmcoccmcccanna- 66

Concretions of medium-gray (N5) dense limestone about 6 inches to 3

feet in diameter and about 3 inches to 1 foot thick occur in several parts

of the formation. Concretions in the zone of Dunveganoceras albertense
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have septarian structure and contain rare Exogyra levis, whereas ccacretions

in the zone of Sciponoceras gracile generally lack septarian struczure and

contain an abundant and varied fossil fauna. Unfossiliferous limestone con=-
cretions that have cone-in-cone structure cccur locally in the zons of

Collignoniceras woollgari, but they are not common.

The Tropic ranges in thickness from 610 to 705 feet. The thickness
variations are due to interfingering with the Dakota and Straight Cliffs
Formations and probably to contemporaneous structural deformation {(fig. 13).°

The upper and lower contacts of the Tropic are gradational an? inter-
fingering. Ths lower ccntact is placed at the top of the highest zaick and
reasonably continuous sandstone bed at the top of the Dakota Formzzion (fig.
7). 7The upper contact is placed at the base of the lowest consvicucus ledge-
forming sandstone bed, generally about 3 or more feet thick, in th:z lower
part of the transition interval from Tropic Shale into the Straigh:z Cliffs
Formation, At several places the vertical sequence of beds at ths zop of the
Tropic does not include a prominent sandstone bed, and the contact is arbi-~
trarily placed where sandstone is the dominant lithology.

The Tropic contains an abundant and varied ifossil fauna, but :thz fossils
are not evervwhere present and, thus, the exact boundary between =tz faumal
zones is uncertain. Most of the fossils in the limestone ccncretizns in the

zone of Sciponcceras gracile are well preserved and can be collectzi easily

where the concretions are weathered; in many of the shale and mudzzone beds,
however, the fossils are crushad, fragile, or preserved as internzl or
external molds and must be collected with care. Because the basal contact

of the formation is placed at different stratigraphic positions owing to
interfingering with the upper wmember of the Dakota Formation, the warious
collections and zones are referred to the time-equivalent or nearl: time
equivalent surface at the base of the upper member of the Dakota. The

fossils were collected by H. A. Waldrop and the writer, and the idzntifications
were made by J. F, Mello, J. E. Hazel, Nicholas Hotton 3d, D, H. Dunkle,

W. A, Cobban, and the writer.

Fossils in the lower part of the Tropic in the zones of Dunvezznoceras

pondi, D. conditum, and D. albertense were included in the discussion of

the upper member of the Dakota.
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Fossils in the zone of Sciponoceras gracile (Shumard)

Foraminifera
Nodosaria cf. N. obscura Reuss
Citharina? sp.
Dentalina sp.
Lagena? sp.

Neobulimina canadensis Cushman and

Wickenden
Bulimina reussi Morrow var.
navarroensis Cushman and Parker
Guembelitria cretacea Cushman
Heterohelix mcremani (Cushman)
Hedbergella planispira (Tappan)
Hedbergella cf. H. delrioensis
(Carsey)
Planulina dakoteusis Fox
Virgulina tegulata Reuss

Coelenterata
Trochocvathus? sp.
Undeternmined solitary coral

Annelida
Serpula intrica White

Pelecypoda
Solemya? cbscura Stanton
Inoceramus cf. I. pictus Sowerby
Inoceramus sp.
Ostrea sp.
Grypnaea newberryi Stanton
Exogyra olisiponensis Sharpe
Exogyra sp.
Camptonectes platessa White
Lima utahensis (Stanton)
Botula? sp.
Psilomya meeki (White)
P. concentrica (Stanton)
Veniella mortoni Hall and Meek
Lucina subundata Hall and Meek
Lucina sp.
Parmicorbula? sp.
Corbula kanabensis Stanton
Corbula sp.

Gastropoda

Sigaretus (Eunaticina?) textilis
Stanton

Euspira sp.
Turritella whitei Stanton
Cerithium sp.
Drepanochilus ruida (White)
Arrhoges prolabiata (White)
Mesorhytis? walcotti (Stanton)

Cephalopoda
Sciponoceras gracile (Shumard)
Allocrioceras annulatum (Shumard)
Worthoceras sp.
Kanabiceras septemseriatum (Cragin)
Metoicoceras whitei Hyatt
Actinocamax sp.

Arthropoda
Ostracoda
Cythereis eaglefordensis
Alexander

Vertebrata
Chondrichtlyyes (sharks and
Oxyrhina cf. 0. aogustide
Reuss
Undetermined shark teath
Osteichthyes (bony fish)
Undetermined pycnodontoid tooth

3

1S
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The zone of Sciponoceras gracile includes about 10-15 feet of calcar-

eous shale, limestone concretions, and several bentonite beds in the lower
part of the Tropic Shale. The base of the zone is about 37-68 feet above
the base of the upper member of the Dakota at Wahweap Creek, about 30 feet
above the base of the same member throughout the central part of the region,
and about 23 feet above the base of that member at Fiftymile Point.

The calcareous shale contains numerous well-preserved but small and

slightly distorted Gryphasea newberryi associated with smaller numbers of

Exogvra levis. Other molluscs were found in the shales but generally they

were poorly preserved, and better specimens were found in the limestone
concretions. The foraminifers, corals, ostracodes, and vertebrates were
also found in the shales,

The limestone concretions contain an abundant and varied fossil fauna
that includes all the annelids, pelecypods, gastropods, and cephalopoeds in
the preceding list. The most common species in the concretions are Serpula

intrica, Grvphaea newberryi, Exogyra sp., Psilomya meeki, Lucina subundata,

Corbula kanabensis, FEuspira sp., Turritella whitei, and Sciponoceras gracile.

Foraminifers also ar= abundant but they are firmly embedded in the concre-
tions and are much more difficult to extract than foraminifers in the
enclosing shale. There is no apparent geographic differentiation of the
fauna, and beds at Wahweap Creek contain essentially the same fossil assem-
blage as beds at Fiftymile Point.

Sciponoceras gracile and Metoicoceras whitei indicate that these beds

are of early Turonian age and they also indicate correlation with the lower
part of the Bridge Creek Limestone Member of the Greenhurn Limestone (table
3) in the standard reference sequence of Cretaceous formations for the

Western Interior (Fisher and others, 1960, p. 23).
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Fossils in the zone of Inoceramus labjatus (Schlotheim)

Foraminifera

Proteonina difflugiformis
(H. B. Brady)

Haplophragmoides? sp.

Dentalina? sp.

Frondicularia sp.

Marginulinopsis? sp.

Bulimina sp.

Heterohelix moremani (Cushman)

Hedbergella cf. H. delrioensis
(Carsey

?7Ticinalla aprica Loeblich and
Tappan

Planulina dakoiensis Fox

Pelecypoda
Inoceramus labiatus (Schlotheim)
Inoceremus sp.

Pheloptevia cf., P, gastrodes
(Meek)

Phelopteria sp.

Cstrea sp.

Gryphiaea sg¢.,

Anomi

Lucina subundara Hall and Meek

Corbula

Gastropcda
Drepanochilus ruida (White)
Rostellires? sp.

Cephalopoda
Baculites sp.
Kanabiceras sp.
Neocardioceras sp.
Metoicoceras sp.
Watinoceras? sp.
Mammites sp.

Arthropoda
Malacostraca
Undetermined decapod chela

Vertebrata
Chondrichthyes (sharks and skates)
Oxyrhina cf. Q. angustidens
Reuss
Undetermined shark cteeth and
vertebrae
Ptychodus whipplei ilarcou
Ptychodus cf. P. polygyrus
Agassiz
Osteichthyes (bony £ish)
Xiphactinus audax Leidy
Undetermincd
Reptilia
Undetermined mesasaur vertebrae

fish scales

The zone of Inoceramus labiatus is approximately 250-300 feet thick

and consists mainly of calcareous shale,

The base of the zone is approxi-

mately 50-75 feet above the base of the upper member of the Dakota at Wahweap

Creek and about 40-50 feet above the base of that member throughout the

central and northeastern parts of the region,

The fossils are poorly to moderately well preserved, generally as external

molds, and generally are more abundant in the few inches of shale beneath

bentonite beds.

Well-preserved and relatively large (as much .as about 2 in,

in height) undistorted Gryphaea sp. occur in about the lower 30 feet of the

zone,

restricted to local occurrences but usually are well preserved.

The vertebrate bone and teeth fragments and the foraminifers are

In general,

the fossils are more abundant in the southwestern and central parts of the
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region and in approximately the lower half of the zone, although the
foraminifers came from two samples 292 and 298 feet above the base of the

upper member of the Dakota at measured section Tl (fig. 12).

Inoceramus labiatus has world-wide distribution in the Turonian Stage.

In the Western Interior region this fossil is of early Turonian age and
indicates correlation with the upper part of the Bridge Creek Limestone
Member of the Greenhorn Limestomne (table 3) in the standard reference

sequence of Cretaceous formations for the Western Interior (Fisher and

others, 1960, p. 23).

Fossils in the zome of Collignoniceras woollgari (Mantell)

Pelecypoda _ Cephalopoda
Yoldia? sp. Baculites sp.
Inoceramus sp. Collignoniceras woollegari (Mantell)

Ostrea sp.

T Vertebrata
Cardium sp.

Undetermined f£ish scales

The zcne of Collignoniceras woollgari is about 300-350 feet thick and

may include some of the beds at the base of the Tibbet Canyon Member of the
Straight Cliffs in the southwestern part of the region. The litholegy
grades upward from calcareous shale near the base to shale in the middle

and mudstone at the top (fig. 12). The base of the zone is approximately
300 feet above the hase of the upper member of the Dakota in the southwest-
ern and central part of the region and about 350 feet above the base of that
member at Fiftymile Point.

The zonal index fossil Collignoniceras woollgari is the best preserved

fossil in these beds and is most abundant in the lower half of the zone;
only small immature specimens were found in the upper part. Several poorly
preéerved Inoceramus sp. and Ostrea sp., were found throughout the zone,

and most of the other pelecypods came from the uppermost beds,

Collignoniceras woollgari occurs in Europe and North America in the

Turonian Stage. This fossil is of middle Turonian age in the Western
Interior region and indicates correlation with the Fairport Chalky Shale
Member of the Carlile Shale (table 3) in the standard reference sequence

of Cretaceous formations for the Western Interior (Cobban and Reeside, 1952).
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Fossils in the zone of Collignoniceras hvatti (Stanton)

Pelecypoda Gastropoda
Inoceramus sp. Fragments, undet.
Qstrea sp. Arthropoda?

Corbicula? sp.
Cardium cf. C. pauperculum Meek
Cardium sp.

Cymbophora? sp.
Corbula sp.

Ophiomorpha sp.

The zone of Collignoniceras hvatti is inferred for as much as about

130-150 feet of strata at the top of the Tropic Shale in the central and
northeastern parts of the region. Zonal index fossils do not occur in
these beds, and the presence of the zone is indicated by southwestward
interfingering of these beds with the Tibbet Canyon Member of the Straight

Cliffs which contains the index fossil Inoceramus howelli White. The index

fossil and the interfingering relations indicate that these beds ars of
middle Turonian age and correlate approximately with the Blue Hill Shale
Member of the Carlile Shale (table 3) in the standard reference sequence
for the Western Iaterior (Cobban and Reeside, 1952).

The paleontological evidence indicates that the Trcpic Shale ranges
from middle Cenomanian to middle Turonian in age and correlates with the
Greenhorn Limestune and the lower part of the Carlile Shale in the Western
Interior reference scquence of formations (table 3). This age demonstrates
that the Tropic was originally deposited as a westward-extending tongue of
the lower part of the Mancos Shale in southwestern Colorado (Cross and
Purington, 1899). Correlation with strata in nearby regions of the Colorado
Plateau is shown in figure 8 (Black Mesa region, Arizona) and figure 9

(San Juan Basin, N. Mex.).
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Straight Cliffs Formation

The Straight Cliffs Sandstone was named by Greg:-y and Moore (1931,
p. 91) for exposures along the Straight Cliffs escar-ment several miles south
of Escalante, Utah, in the northern Kaiparowits regizz, In most parts of the
Kaiparowits Plateau the formation contains significac-c amounts of rocks other
than sandstone, and for this reason Peterson and Walirop (1965, p. 62-63)
applied the more general name Straight Cliffs Formacion to these rocks.
Recent mapping has indicated that the Straight Cliff: consists of four memberg
that are, from oldest to youngest, tha Tibbet Canyorn., Smcky Hollow, John
Henry, and Drip Tank Members (Petersom, 1969). The Tibbet Canyon and Drip
Tank Members are generally cliff forming units compc::zd mainly of sandstone;
the Smoky Hollecw and John Henry Members are cliff- zzZ slope-forming units
composed mainly of interbedded sandstone, mudstone, :z:d coal. The Smoky
Hollow and Jchn Henry Members are divided into sever:. informal units which
are based on characteristic associations of sedimen:zzy structures, iith-
olegies, and fossils. An unconformity separates th=z 3Imoky Hollow and John

Henry Members,

[s\]

nd distinctive beds just above and t:low allow this contact
to be easily vecognized,

Figure 14 shows typical relations of the Straigrz Cliffs Formation in
the southwestern part of the region at a locality thz: is within 3 miles of
the type localities of the Tibbet Canyon, Smoky Holi:w, and John Henry
Members. The Drip Tank Member is not appreciably diZZerent in this area
from its type locality about 1l miles north. Figure 15 shows relations in
the northeastern part of the region that are similar zo the type locality
of the formation, which is about 47 miles northwest.

The Straight ClLiffs Formation thickens irregulz=ly northeastward across
the region from about 1,130 feet at Nipple Bench to z3out 1,620 feet in Left
Hand Collett Canyon (pls. 9, 10, 11). The formation is 1,495 feet thick in
the northwestern Kaiparowits region near Tropic, Utz- (Robison, 1966, p. 23).
TIBBET CANYON MEMBER

The Tibbet Canyon Member was named for exposurs:z near the mouth of
Tibbet Canyon in the NLXNEYLNEY sec. L4, T. 42 S., R. Z E., Kane County,

Utah (Peterson, 1969). The member is commonly well =xpcsed in cliffs above

the slope-forming Tropic Shale in the southwestern a2=3 central parts ef the
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region (fig. 14), but farther northeast, and especially at the Straight
Cliffs escarpment, the member is generally concealed by talus (fig. 15).

The Tibbet Canyon Member is composed of yellowish-gray (5Y 8/1),
grayish-orange (10YR 7/4), and moderate-brown (10YR 5/4) sandstone that
weathers to colors as dark as grayish brown (5YR 3/2). In general, the
median grain size and sorting change upward from very fine grained and
poorly tc moderately sorted at the base to medium grained aand moderately
to well sorted at the top. Granules and pebbles of gray quartz, gray,
brown, and biack chert, and gray and red quartzité are scarce but occur in
the middle and upper parts of the member. The lower part of the Tibbet
Canyon is interbedded with light-olive-gray (5Y 5/2) very thin to thin
bedded mudstoune and siltstone beds that are southwestward- or southward-
thinning tongues of the Tropic Shale too thin to map as separate units.

The sandstone consists mainly of subangular te subrounded slightly
strained quartz grains containing all the major types of inclusions. The
feldspars wmount to about 5-25 percent of the rock and are mainly of the
plagioclase varicties (oligoclase and andesine), although scarce potassium
varieties (orthoclase and rare microcline) are also preseat., Some of these
grains are moderately altered, and it is likely that part c¢f thes clay mineral
fraction in the matrix originated from postdepositional alteratior of the
feldspars. The clastic carbonate grains are polycrystalline aggregates or
monocrystalline grains and consist mainly of dolomite, although a small
amount of clastic calcite can be distinguished from the calcite cement.
Approximately 14 percent of the sandstone is silt~ and clay-size matrix
in which most of the clay minerals have the optical properties of the kaolin
group. The accessory minerals are a small and almost insignificant parc of
the total mineral assemblage. Biotite is the most common accessory minerail.
Sandstones in the lower part of the member are generally well cemented by
calcite, but the middle and upper parts of the member are commonly only
moderately cemented and are fairly porous. The following is an average of
the modal analyses shown on plates 12 and 13. According to the classifi-
cation used in this report, a rock of the foliowing composition would be

termed an impure feldspatchic sandstone.
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Average of 28 modal analyses, in percent, 6f sandstone in Tibbet
Canyon Member of Straight Cliffs Formation (cement not included)

All Constituents
constituents (1), (2), (3)
(1) Stable grains==-=--=----ccmcocomaaoas 67 80
Quartze=-----mwccmcnccncanu~ 62
Cherte--------c--coccccaa--a 2
Quartzite~-----=-=---------- 3 .
(2) Feldspars--=--m==-mmmmcmmcmmommommeen 12 1 v
(3) Unstable grains==-------=~-c--c-c---o 5 6
Clastic dolomite-------=--- 5
Clastic calcitee=veeceeeanua <1
(4) Matrigee--cc-e-eccmcmcmecmec e 14
(5) Accessory minerals (biotite,
garnet, glauconite, musco-
vite, tourmaline, zircon)-------w--- 2
100 160

Stratification near the base of the Tibbet Canyon Member is laminated
to very thin bedded and ripple cross~laminated to very thinly crossbedded.
The individual bedding units or sets generally range in thickrness from 1
inch to abcut 1 foot, and maximum dip of the cross-strata is generally less
than 10°. The thickness of the sets and the angle of inclination of the
cross-strata generally increase upward so that the sets range in thickness
from about 3 inches to 3 feet, and the maximum dip of the cross=-strata is
as much as about 25° in the middle and upper parts of the member. A vertical
sequence of cross-stratified units that is common in sandstone beds of
similar origin in the John Henry Member is rarely found in the Tibbet Canyon
Member,

The lower contact of the Tibbet Canyon Member is generally placed at
the base of the lowest readily traceable sandstone bed, but at several local~
ities the vertical sequence of beds is entirely gradational and the lower
contact is placed arbitrarily where sandstone is dominant. The upper contact
is generally sharp and is placed where the cliff-forming sandséﬁne of the
Tibbet Canyon Member is in contact with the lowest overlying mudstone, car-
bonaceous mudstone, or coal bed of the Smoky Hollow Member. Because of

interfingering relations shown diagrammatically in figure 16, the lower beds
of the Tibbet Canyon grade northeastward into the upper part of the Tropic
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Shale, and the upper beds of the Tibbet Canyon grade southwestward into the

lower part of the Smoky Hollow Member.

The Tibbet Canyon Member ranges in thickness from 70 to 185 feet iz the
southeastern Kaiparowits region. In the northwestern Kaiparowits regicc,
neaxr Tropic, Utah, the lowest unit in a section that was measured by J. C.
Lawrence (in Robison, 1966, p. 23) and tentatively assigned by the writscz
to the Tibbet Canyon Member is 84 feet thick. In the northern Kaiparowi:s
region about 9 miles northwest of Escalante, Utah, E. V. Stephens (oral
commun., 1967) measured 87 feet for the Tibbet Canyon Member,

Fossils are not common in the Tibbet Canyon Member, but several ccll_ec-
tions from localities scattered throughout the region contain sufficien:
numbers of spacies to aid in evaluating the age of the member. Most ol zthe
fossils are preserved as internal or external molds, and preservation oI the
origiral hard parts is uncommon. A summary list of the fossils is give=
below. The collections were made by H., A. Waldrop and the writer, and -2
identirications were made by W. A, Cobban, D. H. Dunkle, Nicholas Hettcn 3d,

and the writer.

Fossils in the Tibbet Canyon Member of the Straight Cliffs Formation

Pelecypoda Cephalopoda
Inoceramus howelli White Heterotissotia? sp.
Inoceramus sp.

Ostrea sp,.
Crassostrea soleniscus (Meek)

Arthropoda?
Ophiomorpha sp.

Brachidontes? sp. Vertebrata--Chondrichthyes (sharis
Cardium cf. C. pauperculum Meek and skates)
Legumen cf. L. ellipticum Conrad Scapanorhynchus raphiodon
Cymbophora sp. (Agassiz)

Gastropoda

Gyrodes conradi Meek
Gyrodes denressus Meek
Cryptorhytis utahensis (Meek)

According to W. A, Cobban (oral commun., 1967), Inoceramus howelli s
a middle Turonian index fossil that indicates the faunal zone of Collign:-a-

iceras hyatti in the Western Interior. This fossil indicates that the Tizbet

Canyon Member and time-equivalent strata in the Tropic Shale and the Smo:y

Hollow Member correlate approximately with the Blue Hill Shale Member of the

Carlile Shale (table 3) in the standard reference sequence for the Wester:z
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Interior (Cobban and Reeside, 1952). Although the Tibbet Canyon Member
probably falls entirely within the zone of Collignoniceras hyatti in the

report area, the member is somewhat younger in the northeastern part of the

region because of the interfingering relations noted in preceding paragraphs.

SMOKY HOLLOW MEMBER

_ The Smoky Hollow Member of the Straight Cliffs Formation is a cliff-

and slope-forming unit that lies above the cliff-forming Tibbet Canyon Member.
The Smoky Hollow Member was named for exposures on the west side of Smoky
Hollow in the NELXNE%LSWY% sec. 5, T. 42 S., R. 4 E. (Peterson, 1969). The
member is fairly well exposed in the southwestern and central parts of the
region (fig. 14) but farther northeast, and especially at the Straight Cliffs
escarpment, the member is generally concealed by talus (fig. 15). The Smoky
Hollow consists of three informal units: a coal zone at the base, a barren
zone in the middle, and the Calico bed at the top (fig. 16).

The coal zone at the base of the Smoky Hollow Member contains medium=-
dark-gray (i4) to black (N1) laminated to very thin bedded carbonaceous
mudstone, black (N1) coal, pale-yellowish-brown (1l0YR 6/2) very fine to fine
grained mcderately sorted laminated to very thin bedded sandstone, and minor
amounts of dusky-yellow (5Y 6/4) to light-olive-gray (5Y 6/1) bentonitic
mudstone. The coal zone is as much as about 30 feet thick, but it is absent
over Nipple Bench and Smoky Mountain anticlines owing to lateral gradation
into the barren zone or into the Tibbet Canyon Member (pls. 9, 10). Because
of these relations, the coal zone consists of three parts: the lower part
in Wahweap syncline is the oldest and contains one coal bed generally less
ghan about 4 feet thick; the middle part occurs in Warm Creek syncline and
contains one coal bed generally less than about 3% feet thick; the upper
part extends from Last Chance syncline northeast to the Straight Cliffs
escarpment and contains several thin coal beds generally less than about 2
feet thick. For purposes of illustration, figure 16 does not show the three
parts, although they can be distinguished by their steplike occurrence above
the flat and noninterfingering parts of the lower contact of the zone.

The barren zone is a ledge- and slope-forming unit consisting of sand-
stone and mudstone that weathers light brown and yellowish green. On fresh

surfaces the sandstone is generally grayish orange (lOYR 7/4) to yellowish
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gray (5Y 7/2), although locally it is light gray. The sandstone is generally
very fine to medium grained and poorly to moderately sorted and contains
small- to medium-scale low- to high-angle trough-type cross-stratification

or scarce horizontal stratification. Some of these beds are fluvial channel
sandstcnes that are lens shaped in cross section, but most of the sandstones
have a wider extent and persist for several miles along the outcrop. Scattered
quartz, feldspar, and chert granules or small pebbles occur locally throughout
the sandstone beds, and leaf impressions or plant fragments are scarce but

are found at the top in a few places. Scarce thin beds of dusky-green

(5G 3/2) fine- to medium-grained sandstone occur locally at the top of the
other sandstones or in the mudstone beds.

Another common lithology in the barren zome is dusky-yellow (5Y 6/4) to
light-olive-gray (5Y 6/1) bentonitic mudstone that weathers to a generally
yellowish green cclor and is very thin to thick bedded. The mineral compo-
sition of this rock type is probably not significantly different from similar
lithologies in the Dakota Formation or in the John Henry Member of the
Straight Cliffs. Light-gray (N7) mudstone is fairly comron near the top of
the zone. An analysis of a sample taken 1 foot below the top of thne barren
zone at measurad sectiocn S22 (pl. 12) in the central part of the region

follows:

X-ray diffrection analysis, in percent, of light-gray mudstone in
barren zone of Smcky Hollow Member of Straight CLliffs Formation

Major constituents: Clay minerals as proportion of
Quartz=e--~c-ccrmmrcc e cv e ae 33 clay fraction:
Potassium feldspar=~-=--=====-« 3 Chlorite-=-w-meruceemncenacan 0
Plagioclase feldspar=-~-==~--- - 0 Kaclinite==-=-occcmccennacaaa 63
Calcitee=mmewmmccrcccnc e - 0 Illite==e-omeemmecman e m————— 12
Dolomite=~-=emcecmcecc e 0 Montmorillonite~--=w-cccecaca trace
Gypsum===c==m-eree e e 0 Mixed-layer (illite-montmor-
Clays-==-v=-comevmeean= -----= 64 illonite)m==-emmomcmcmccnunn 25
Clay minerals:
Chlorite--==--ccocuecmeaeeaanm- 0 .
Kaolinites-~==--rocmcmcmacaax 40
Illite==-=mmwmcmrccmcncceens - 8
Montmorillonite-------- ------  trace
Mixed-layer (illite-montmor=-
illonite)=====-vcenconucae -~ 16
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The barren zone ranges in thickness from 13 to 110 feet. The variation
in thickness is due to interfingering with other units in the Smoky Hollow
Member, interfingering with the Tibbet Canyon Member, and erosion prior to
deposition of the John Henry Member.

The Calico bed is a fine- to coarse-grained poorly sorted pebbly sand-
stone unit at the top of the Smoky Hollow Member. The sandstone is generally
white (N9) to very light gray (N8), and locally the upper 1-3 feet is stained
ﬁoderate red (5R 4/6) to dark yellowish orange (10YR 6/6). The sandstone is
fine to medium grained and generally poorly sorted and contains small- to
medium-scale low- to high-angle trough cross-stratification., Medium-gray
(N5) to dark-gray (N2) mudstome lenses or tongues from the barren zone are
scarce but are found in the bed.

Conglomerate lenses and scattered pebbles are common in the Calice bed.
The pebblz composition of the conglomerate lenses listed below is from a
count of 658 pebbles mede on the northeast side of Surprise Valley in the
NELSWY% sec. 10, T. 41 S., R. 5 E. At this locality the quartz, quartzite,
and feldspar clascs are less than 8 mm in diameter (very fine and fine
pebbles) and the chert clasts are less than 16 mm in diometer {very fine to

medium petbles). This distribution of sizes by pebble composition is typical.

Pebble composition of conglomerate lemses in Calicc bed at
top of Smoky Hollow Member in Straight Cliffs Formation

Percent
QuUartzes-~-=mce et e e 42
Cherte-=emeeerr e e e e e e e 40
Light gray~=--=-=c-cmceeocaccaun 30
Dark gray---=-e=cccecmmcrccmnaan 10
Feldspar-=------cococmommccccc e a 18 =
Quartzite (reddish brown)=----=----w--wa- tr
100

tr = trace, 0.3 percent.

The Calico bed interfingers with thé upper part of the barren zone, and
the bed is unconformably overlain by the John Henry Member. The bed reaches
a maximum thickness of 67 feet in the central part of the region (meas. sec.
S§21, pl. 10) but is missing in the southwestern and northeastern parts where
it was removed by erosion prior to deposition of the John Henry Member. The

approximate average thickness of the bed is 25 feet.
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Sandstones from throughout the member consist mainly of subangular
slightly strained quartz grains containing all the major types of inclusions.
The feldspars are about 5-20 percent of the rock and are mainly of the plagio-
clase varieties (oligoclase and andesine), although scarce potassium varieties
(orthoclase and rare microcline) are also present. Some of these grains are
moderately altered, and probably part of the clay mineral fraction in the
matrix originated from postdepositional alteration of the feldspars. The
clastic dolomite grains are rare and consist of polycrystalline aggregates
or monocrystalline grains. Clastic calcite, if present, could not be distin-
guished from the calcite cement. Approximately one-fourth of the sandstone
is silt- and clay-size matrix in which most of the clay minerals have the
optical properties of the kaolin group. The accessory minerals are a small
and almost insignificant part of the total mineral assemblage, although
biotite is the most common. Most of the sandstones are only moderately
cemented by calcite and are fairly porous, but one sample was unique in that
it was well cemented by barite (identified by X-ray diffraction). The
following composition is an average of the modal analyses shown on plates 12
and 13. According to the classification used in this report, a rock of the

following composition would be termed an impure feldspathic sandstonz,

Average of 13 modal analyses, in percent, of sandstone in Smoky
Hollow Member of Straight Cliffs Formation (cement not included)

All Constituents
constituents (1), (2), (3)
(1) Stable grains==--=--=-evcmecccccccacccnccam e e 63 83
Quartz----c-e-mreac e e 57
Chertes-m=m-weccec e mc e m e e 2
Quartzite----=------mrcecmcmccnnceaaea 4
(2) FeldSparse==-=-==s==ccmocmemeccem e cceccoeaon ——12 6
(3) Unstable grains=e===-=s===e-ceoeeccacea - -~ 1 1
Clastic dolomite==-=-wcewaceccwa- ————— 1
(4) Matrixe=e-=mccom oo e e e 23
(5) Accessory minerals (biotite, garnet, )
glauconite, muscovite, tourmaline,
3 e ) R et 1
100 100
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The Smoky Hollow Member is about 24-132 feet thick in the southeastern
Kaiparowits region. In the northwestern Kaiparowits region, the group of
beds that includes units 2-9 above the base of a section measured by J. C.
Lawrence (in Robison, 1966, p. 23) and tentatively assigned by the writer
to the Smoky Hollow Member is 231 feet thick. About 9 miles northwest of
Escalante, Utah, the Smoky Hollow is about 331 feet thick (E. V. Stephens,
oral commun., 1967).

Fossils are rare in the Smoky Hollow Member, and only a few poorly
preserved and unidentifiable pelecypod molds were found in the Warm Creek
area, The lower part of the Smoky Hollow in the southwestern and central
parts of the region is of middle Turonian age because these beds grade
northeastward or northward into the upper part of the Tibbet Canyon Member

which contains the middle Turonian pelecypod Inoceramus howelli. The upper

part of the Smoky Hcllow is probably only slightly younger than the lcwer
part because the member consists of a continuous sequence of beds and lacks
unconformities. The interfingering relations suggest that the Smoky Hollow
is about middle Turonian in age. In terms of the standard reference s=quence
for the Western Interior region (Cobban and Reeside, 1952), the Smcky Hollow
correlates approximately with the upper part of the Blue Hill Shale Mewber
and possibly with the lower part of the Turner Sandy Member of the Carlile
Shale (table 3).

UNCONFORMITY
The unconformity that separates the Smoky Hollow Member from the over-

lying John Henry Membér has been described by Peterson (1969). Evidence of

the unconformity is briefly summarized as follows:

(1) 1In local areas, the unconformity is indicated by truncation of low-angle
dipping stratification at the top of the Smoky Hollow and by relief of
as much as 5 feet on the unconformable surface.

(2) Considering broad stratigraphic relations, the unconformity is indicated
by regional truncation of at least 157 feet of strata at the top of the
Smoky Hollow in the southwestern part of the report area and of at least
90 feet of strata at the top of the Smoky Hollow in the northeastern
part (pls. 9, 10, 11).
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(3) Paleontological data indicates that the approximate minimum time-
stratigraphic interval represented by the unconformity includes the
upper part of the Turomian Stage and the lower and middle parts of the
Coniacian Stage. In terms of the standard reference sequence for the
Western Interior region, strata correlative with the upper part of the
Carlile Shale and the lower and lower middle parts of the Niobrara
Formation were eroded or never deposited in the southeastern Kaiparowits
region (table 3).

The unconformity at the Turonian-Coniacian boundary has been reported
in other parts of the Colorado Platezau by Dane (1960) in the San Juan Basin
of New Mexico (fig. 9) and by Hunt, Averitt, and Miller (1953, p. 83) in
the Henry basin of south-central Utah. Reconnaissance studies by the writer
indicate that the unconformity is probably present in Black Mesa basin of
northeastern Arizona at the base of the marine shale tongue of the Toreva

Formation (fig. 8).

JOHN HENRY MEMBER

The Jobn Henry Member of the Straight Cliffs Formacion was namad for
a cliff- and slope-forming unit of interbedded sandstone, mudstone, carbon-
aceous mudstone, and coal that lies below the cliff-forming Drip Tank Member
of the Straight Cliffs (Peterson, 1969). The type locality is about 3 miles
east of John Henry Canyon in a small tributary canyon on the west side of
Smoky Hollow in the SE%LNWY% and WiNW% sec. 32 and the NXNE% sec. 31, T. 41 S.,
R. 4 E., Kane County, Utah, The member is moderately well exposed in the
southwestern part of the region, but in the central part where many of the
coal beds have been burned, the member is generally concealed by talus accu-
mulations of baked mudstone and sandstone, and exposures are best near the
bottom of dry washes. In the northeastern part of the region, slope-forming
units of coal and mudstone are generally concealed by talus and soil (fig. 15).
The type measured section is illustrated on plate 9 (meas. sec. S17), and
figure 14 shows typical relations in the member at Warm Creek canyon about
3 miles southwest of the type locality.

The John Henry Member consists mainly of nenmarine beds in the south-
western and central parts of the region and mainly of marine beds in the

northeastern part. The nommarine beds are divided into three barren zones
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and four coal zones on the basis of the presence or absence of coal beds

1 or more feet thick (fig. 16); the marine beds are divided into seven key

sandstone beds and two mudstone tongues.

Barren zones

The barren zones consist of relatively thick cliff-forming sandstone
beds and slope-forming beds of mudstone interbedded with a small amcunt of
thin sandstone beds. The thicker sandstone beds (more than about 5 ft thick)
are pale yellowish brown (l0YR 5/6) to grayish orange (10YR 7/4) on fresh
exposures and they weather to various shades of light brcwn. In general,
the thick sandstones that occur with the yellowish-green bentonitic mudstones
are grayish crange, fine to medium grained, and poorly sorted. They also
are poorly cemented and semifriable and locally contain scattered quartz,
feldspar, and chert granules or small pebbles. They contrast with sandstones
that occur with dark-gray to black carbonaceous mudstones which are generally
pale yellowish brown, very fine to fine grained, moderately sorted, and well
cemented by calcite; they rarely contain granules or small pebbles., All
these sandstones have small- to medium-scale low-~ to high-angle trough-type
cross-strarnification or rare horizontal stratification, and most of the beds
grade ‘into very fine to fine grained ripple cross-laminated sandstoae in the
upper 1-3 feet. HMost of the thick sandstones are fairly widespread and can
be traced for several miles where exposures are good, but some of the beds
are channel sandstones that are lens shaped in cross section and are difficulc
or impossible to trace any significant distance on the outcrop. Large-scale
low-angle cress-stratified units as much as about 20 feet thick and composed
mainly of very fine to fine grained sandstone interbedded with minor amounts
of carbonaceous mudstone commonly occur where carbonaceous mudstone beds
are abundant.

The thin sandstones (less than about 5 ft thick) interbedded with the
mudstones are generally pale yellowish brown (10YR 5/6), very fine to fine
grained, moderately sorted, and well cemented by calcite. They commonly
are ripple cross-laminated or less commonly contain small- to medium-scale
low-angle trough-type cross-stratification.

The sandstones consist mainly of subangular slightly strained quartz

grains containing all the major types of inclusions. The feldspars are
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generally about 5-15 percent of the rock and are mainly of the plagioclase

varieties (oligoclase and andesine), although scarce potassium varieties

(orthoclase and rare microcline) are also present. Some of

these grains are

moderately altered, and probably part of the clay mineral fraction in the

matrix originated from postdepositional alteration of the feldspars. The

clastic carbonate grains are polycrystalline aggregates or monocrystalline

grains and consist mainly of dolomite, although a small amount of clastic

calcite can be distinguished from the calcite cement. Approximately one-

fourth of the sandstone is silt- and clay-size matrix in which most of the

clay minerals have the optical properties of the kaolin group. Biotite is

the most common accessory mineral, although the accessory minerals in

general are a small and almost insignificarnt part of the total mireral as-

semblage. The following composition is an average of the modal analyses

shown on plates 12 and 13. According to the classification
report, a rock of the following composition would be termed

spathic sandstone.

Average of 46 modal analyses, in percent, of sandstone in
of John Henry Member ot Straight Cliffs Formation (cemen:

used in this

an impure feéeld-

barren zones
not included)

All Constituents
constituents (1), (2), (3)
(1) Stable grains==-=-c=-c-eececmmcm e eec e 54 76
Quartze----c--cccccrme e 47
Chert--««ce-vc-ecmemcccc e e e e mm 4
Quartzite--~---=ccccmwor e c e e e e 3
(2) Feldspars=-----==me-meeemcmmmeeccmce e maua 8 11
(3) Unstable graing=-===c--ce-cmocccmmmmamcanans 9 13
Clastic dolomite==--=-=--ecccwecu-ua - 7
Clastic calcitem=~=wwomwocccecacaauan 2
(4) Matrixee-----c-ccccmcm e e m e 27
(5) Accessory minerals (biotite, garnet,
glauconite, muscovite, tourmaline,
Zircon)===--ceeccmcm e e e e 2
100 - 100

Very thin to thick bedded mudstone is another common rock type in the

barren zones. Dusky-yellow (5Y 6/4) to light-olive-gray (5Y 6/1) bentonitic

mudstone that weathers to a general yellowish-green color is abundant in the
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upper barren zone, common in the middle barren zone, and uncommca in the
lower barren zone. Dark-gray (N3) to black (N1) carbonaceous muistone is
abundant in the lower barren zome, common in the middle barren -omne, and
scarce in the upper barren zone. The carbonaceous mudstone is cwre common
in beds adjacent to the various coal zones, although thin and diIscontinuous
beds may be found in other parts cf the barrem zones. All gradz:tions exist
between the two contrasting types of mudstone, and no significa=: difference
is apparent in analyses of the six samples shown in table 4.

Minor lithologies include thin limestone lenses, siderite zoncrecions,
and thin coal beds. The limestone lenses are dense, medium gra:x (N5), and

as much as 50 feet long and 2~3 feet thick. Bedding is general’l: indistinct

in the smaller lenses, but the larger lemses are commonly horiz:zzally lamin-

ated. Small blackish-red (5R 2/2) to moderate-brown (5YR 4/4) :zoncretions
that are composed mainly of siderite are scarce but occur mainl: in the
dusky-vellow to light-olive-gray mudstones. Thin coal beds less than 1 foot
thick generally occur in the carbonaceous mudstone beds.

Other than plant fragments and impressions, mezafossils ars scavce in
the barrzn zones. OCne collzsction from the middle barren zone d» H. A,
Waldrop and icentified by W. A. Cobban consisted of the mollusc: Anomia? sp.,
Cymbophora? sp., and Melania? sp. Several collections from the upper barren
zone by G. A. Jzett, H. A. Waldrop, and the writer and identifizi by R, A,
Scott, J. A, Wolfe, and the writer included undetermined pelecyvzzds, gastro-
pods, bone fragments, and coniferous wood as well as one fragme=:z of the
palm leaf Geonomites? sp,

An abundant spore and pollen flora was obtained from samplzs collected
by Robert McCurdy of the Atlantic-Richfield Co. from a drill hole on Smoky
Mountain that is about 1% miles northwest of measured sectiom S13 (pl. 1).
The samples were collected from each of the barren and coal zonmz=s through
the interval about 84-552 feet above the base of the member. Tz2 micro-
fossils were identified by R. H. Tschudy who supplied the follcwing partial

list of genera.
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TABLE 4.--X-ray diffraction analyses, in percent, of mudstone ZI-om
barren zones in John Henry Member of Straight Cliffs Formatica

Yellow to olive~ Gray Carbonz:zeous
gray mudstone mudstone muds zz-ne
Sample number: *369 375 264 374 382 37:
Major constituents:
Quartze~-=-e-mceocoa-an 23 34 36 34 27 3¢
Potassium feldspar----- 0 1 tr 0 2 2
Plagioclase feldspar~-- 0 0 0 0 0 c
Calcites======-mwmcoaaaa 19 o 0 0 2 G
Dolomite==------------- 8 0 0 0 1 c
Gypsum==~=--=-=--==-----= 0 1 0 0 0 C
Clayge-===o-eomecncaanan 47 64 64 66 68 €:
Clay minerals:
Chloritem==-==-=-vw----- 1 1 1 0 tr tr
Kaolinite=====-==ccur-n" 22 20 31 43 14 32
Illite-w-==sowmemceeama 15 7 9 3 7 B
Montmerillionites~-=---- 0 2 0 3 12 tr
Mixed-layer¥feceocouauo 9 34 18 17 35 2%
Clay minerals as propor-
tion of clay fraction:
Chlorite==-w-coccrecaa- 2 1 1 0 tr tT
Kaclinite-s-svcmcececanea 47 32 53 65 22 &7
Illite~mw-cmcmcmmmcc e 31 11 16 4 10 i<
Montmorillonite-=~-=-~--~ 0 3 0 5 17 z
Mixed-layer#¥-ecee-c-auw 20 533 30 26 51 &2

Location of samples

© 369. Upper barren zone, 150 ft below top of member; west side o:Z
Dry Canyon, meas, sec, S3.

375. Upper barren zone, 93 ft below top of member; same localit: as
369.

264. Lower barren zone, 92 ft above base of member; 3 miles eas:z of
Wahweap Creek, meas. sec. S7.

374. Upper barren zone, 96 ft below top of member; same localits as

369.
382. Upper barren zone, 3 ft below top of member; same locality =zs
369.
373. Upper barren zone, 101 ft below top of member; same locali:y
-as 369. )
* = 3 percent Pyrite not shown.
** = mixed-layer illite-montmorillouite clays.
tr = trace, less than 1 percent.
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Spore and pollen genera in the John Henry Member of the Straizht
Cliffs Formation, from the lower, middle, and upper barren zc==s
and the lower, Christensen, and Rees coal zones

Cicatricosisporites Vitreisporites
Appendicisporites Araucariacites
Lycopodiumsporites Ephedra
Gleicheniidites , Eucommiidites
Verrucatosporites " Proteacidites
Taurocusporites Triatriopollenites
Ceratosporites? Plicapollis
Krauselisporites Latipollis?
Laevicatosporites Sporopollis?
Inaperturopollenites Tricolpopollenites
Monosulcites Tricolporites
Classopollis Nyssapollenites
Abietineaepollenites Periporopollenites
Rugubivesiculites

Coal zones
The coal zones consist mainly of slope-forming units composed cof inter-

Small

quantities of thin sandstone beds (less than about 5 ft thick) ars preseunt in

bedded carbonacecus mudstone and thick coal beds 1 or more feet tzo.ck.

the coal zones, and thick sandstone beds (more than 5 ftr thick) arz commonly
found in the southwestern parts of the coal zones.

The thick sandstone beds are pale yellowish brown (LOYR 5/6), very fine
to fine grained, moderately sorted, and well cemented by calcite., They con-
tain small- to medium-scale low~ to high~angle trough-type cross-szratification
or rare horizontal stratification; most of these beds grade into wzry fine
grained ripple cross-laminated sandstone in the upper 1-3 feet, Some of the
thick sandstones are fairly widespread and can bhe traced for severzl miles
where exposures are good, but most of these beds are channel sand:zones that
are lens shaped in cross section and are difficult or impossible zo trace on
the outcrop. Large~scale low-angle cross-stratified units as muc-> as about
20 feet thick and composed mainly of very fine to fine grained.sa:istone
interbedded with minor amounts of carbonaceous mudstone also occur in the
coal zones.

The thin sandstones (less than about 5 ft thick) are pale yellowish
brown (10YR 5/6) to very light gray (N8), very fine to fine grairn:i, moderate-

ly sorted, and moderately to well cemented by calcite. They are :ommonly
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ripple cross-laminated or less commenly contain small- to medium-scale low-
angle trough-type cross-stratification.

The sandstones consist mainly of subangular slightly strained quartz
grains containing all the major types of inclusions. The feldspars generally
amount to less than 10 percent of the rock and are mainly of the plagioclase
varieties (oligoclase and andesine), although scarce potassium varieties
(orthoclase and rare microcline) are also present. Some of these grains are
moderately altered, and probably part of the clay mineral fraction in the
matrix originated from postdepositional alteration of the feldspars. The
clastic carbonate grains are polycrystalline aggregates or monocrystalline
grains and consist mainly of doiomite,.althcugh a small amount of clastic
calcite couid be distinzuished from the calcite cement. Approximately one-
fifth of the sandstone is silt- and clay-size matrix in which most of the
clay minerals have the optical properties of the kaolin group. The acces-
sory minerals are a small and almost insignificant part of the total mineral
assemblage., Biotite is the most common accessory mineral, The follewing
composition is an average of the modal analyses shown on plates 12 and 13,
According te the classification used in this report, a wock of the following

composition would be termed an impure subfeldspathic sandstone.

Average of 15 mcdzl analyses, in percent, of sandstone in coal zones of
John Henry Member of Straight Cliffs Formation (cement not included)

All Constituents
constituerts (1), (2), (3)
(1) sStable grains=-=-----c=ccc-- —eeeee- cememeeea 60 78
Quartze----c--mmcecccmeceeccmec e - 54
Chertem-emmc=mmmmmcmmmcmcccecmme - 3
Quartzite-=-=--sr-m-cccoooo- e .3
(2) Feldspar-----=co-coccoilcmmmmccccncacnaon - 4 5 v
(3) Unstable grains=-=v----cemeccmmcccccceaauoa 13 17
: Clastic dolomite==---==-vemm-cu- -—— 11
Clastic calcite==~=-=---- R 2
(4) Matrixe--=----ec-cmemmcmmececene - -~ 22
(5) Accessory minerals (biotite, garnet, .
glauconite, muscovite, tourmaline,
zircon) ==---e-mrcecca e ae L |
100 100
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Laminated to very thin bedded dark-gray (N3) to black (N1) carbona-
ceous mudstone is the most common argillaceous rock in the coal zones.
Dusky-yellow (5Y 6/4) to light-olive-gray (5Y 6/1) very thin to thin bedded
bentonitic mudstone is scarce and, where present, is-generally near a thick
sandstone bed. Gray mudstones that are intermediate varieties of the two
types mentioned above are also common. Medium-dark-gray (N4) laminated to
very thin bedded shale and carbonaceous shale are relatively rare, X-ray
diffraction analyses of some of these lithologies .are listed in table 5.

Coal beds are abundant in the four coal zénes of the John Henry Member.
Although coal beds 1 or more feet thick are the main feature used to distin-
guish these zones, coal beds 4 or more feet thick are common in several parts
of the region. The thickest bed found measured 29.6 feet (meas. sec, S23,
pl. 10) and is in the Christensen coal zone on the northeast side of Last
Chance syncline. The coal beds are generally thickest and most abundant in
the synclines, and they either thin or pinch out over the anticlines. The
available data also indicate that the coal thickens northwestward into the
Kaiparowits structural basin., The following list indicates general areas

where the coal beds are thickest and probably most continuous.

Area of thickest and probably

Coal zone ;
© most continuous coal beds
Alvey ccal zone-=---w-cmcmmmamoa- Southwest side of Croton syn-
cline.
Rees coal zone-=---- et DL I - Last Chance syncline,
Christensen coal zone~-=----~----- Warm Creek and Last Chance
synclines, southwest side
of Croton syncline.
Lower coal zone----=-=-c-vee-muoa Last Chance syncline.

The areas listed above are also places where coal in the Christensen,
Rees, and Alvey coal zones has been extensively burned, and exposures of
unburned coal in these areas are only locally present at the bottom of dry
washes or on steep canyon slopes where recent erosion has been rapid. The
mudstone and sandstone strata enclosing the coal have been baked to brilliant
shades of red, pink, and gold where the burning has occurred. The fires
were probably started by natural causes such as spontaneous combustion or

lightning, and several fires still remain in Last Chance syncline. The
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TABLE 5.--X-ray diffraction analyses, in percent, of mudstone and shale
from coal zones in John Henry Member of Straight Cliffs Formation

Light-olive- Gray Carbonaceous
gray mudstone shale muds tone
Sample number: 335 477 344
Major constituents:
Quartze=------c--cc--couoo—o- 27 28 41
Potassium feldspar------=----- tr 2 3
Plagioclase feldspar=-------== 0 0 0
Calcite====-==ce-mcomoncmcaena 6 0 1
Dolomite====-~---=-ec-acumao-x 8 0 1
Gypsum-=--=-==-~--=-c----—oo-oan 0 0 0
Clayse=-=-=momcmmmcmc e ccee 59 70 54
Clay minerals:
Chlorite~=-----=------~--cw---- 1 1 tr
Kaolinite-=--=-=-ccoeococao-u 31 51 23
Illite===---omvmmcmemmccme e 9 11 15
Montmorillonite-====-----ccmu-x 0 0 0
Mixed-layerfi-m--ecomacaoooaann 18 7 16
Clay minerals as proportion of
clay fraction:
Chlorite=~=-=-mececor e 1 i 1
Kaolinitem=-~~cmemcommaccnanan 53 73 42
Illiteme~mmmmmme e e 16 16 27
Montmorillonite===~=-=--==--u== 0 0 0
Mixed-layer¥==-=-eeecacacc-c-n 30 10 30

Location of samples

335. Christensen coal zone, 170 ft above base of member; northeast
side of Last Chance Creck canyon, meas., sec. S22,

477. Lower coal zone, 25 ft above base of member; above Sit Down
Bench about 1,000 ft northwest of top of meas. sec. TS5.

344, Christensen coal zone, 258 ft above base of member; same
locality as 335.

= mixed-layer illite-montmorillonite clays,
trace, less than 1 percent.

T
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fires probably have been in progress, at least intermittently, for several
thousand years, judging from baked mudstone and sandstone that occur in the
oldest pediment and terrace gravels in the region.

Minor lithologies in the coal zones include rare limestone concretions
and rare coquinoid marlstones. The limestone concretions were found in the
central part of the region; they consist of medium-dark-gray (N4) dense
limestone in concretions about 6 inches thick and 2 feet in diameter. The
coquinoid marlstones occur in the northeastern part of the region; they con-
sist of a poorly indurated mass of abundant broken fossil fragments in a
very light gray (N8) matrix of comminuted fossil material and clay.

Fossiliferous beds are scarce in the coal zones, but where present,
the fossils are commonly abundant and are dominated by one or two species.
The fcssils generally occur in thin gray mudstone beds 1-2 feet thick, al-
though a few collections were obtained from thin sandstone and coquinoid

marlstone strata. Crassostrea scleniscus (Meek) is by far the most common

fossil. & summary list of fossils from the coal zones is given below. The
collections were made by G. A. Izett and the writer, and the identifications
ware made by W. A. Cobban, N. F. Sohl, and the writer. In addition to these
fossils, plant microfossils obtained from the lower, Chriscensen, and Rees
coal zones were included in the partial list of spore and pcllen genera given

in the discussion of the barren zones.

Fossils from coal zones in the John Henry Member
of the Straight Cliffs Formation

Christensen coal zone

Annelida Gastropoda
Serpula cf. S. tenuicarinata Meek and Stenomelania? sp.
Hayden Pachychiloides? sp.
Bryozoa Cephalopoda
Undetermined genus and species Ammonite, undet.
Pelecypoda
Inoceramus cf. 1. mesabiensis Berquist .

Inoceramus sp.

Crassostrea coalvillensis (Meek)
Crassostrea soleniscus (Meek)
Unio? sp.

Anomia sp.

Brachidontes sp.

Corbula sp.

Rees coal zone

Crassostrea soleniscus (Meek)
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Key sandstone beds

Marine strata in the northeastern part of the region include seven con-
spicuous cliff-forming sandstone beds and two slope-forming marine mudstone
tongues composed of interbedded mudstone and sandstone.

The seven key sandstone beds, lettered A, B, C, D, E, F, and G, consist
mainly of very light gray (N8) to grayish-orange (1O0YR 7/4) fine-grained well-
sorted sandstone. In thin section, the sandstones consist mainly of subrounded
slightly strained quartz grains containing all the major types of inclusions,
The feldspars rarely amount to more than 10 percent of the rock, and they con-
sist mainly of plagioclase varieties (oligoclase and andesine), although scarce
potassium varieties (orthoclase and rare microcline) are also present. The
feldspars are generally fresh and unaltered. The majority of unstable constit-
uents are subrounded to sharply angular monocrystalline grains of dolomite.
Many of the angular grains clearly show optically continuous overgrowths that
indicate postdepositional precipitation of dolomite on the clastic grainms. A
small amount of clastic calcite can be distinguished from the calcite cement,
but some or all of these grains could be finely divided fossil fragments. The
matrix is generally l2ss chan 10 percent of the rock and consists mainly of
silt-size particles of the other constituents., The accessory minerals are a
small and almost insignificant part of the total mineral assemblage. The fol-
lowing composition is an average of the modal analyses shown on plates 12 and
13. According to the classification used in this report, a rock of the follow-
ing composition would be termed a quartz sandstone.

Average of 45 modal analyses, in percent, of sandstone in the

A, B, C, D, E, F, and G sandstone beds in the John Henry Member
of the Straight Cliffs Formation (cement not included)

All Constituents
constituents (1), (2), (3
(1) Stable grains==----=-=-cemmccmcccmccaonno 80 87
Quartz------------ccm-ccooon-- 75
: Cherte------=c-ccc-cccccccoo—- 3
Quartzite--------=---c-n-c--un 2 .
(2) Feldspars==--=---recccmccccomccreecoceaan 4 4 v
(3) Unstable grains==~----c-mecemcomocaoonauo 8 9
Clastic dolomite==---ev==cec-am 8
Clastic calcite-~===-=-couraa-- tr
(4) Matrix~=-=-c-cmmmmcrcm e memn 8
(5) Accessory minerals (biotite,
garnet, glauconite, musco-
vite, tourmuline, zircon)-------c--eca-- _tr -
100 100

tr = trace, less than 0.5 percent,
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Minor rock types in the sandstone beds include thin conglomerate lenses,
scattered pebbles, and black sandstone lenses (fossil beach placers). Scat-
tered conglomerate lenses as much as 2-3 feet thick occur locally in the A
sandstone bed, and scattered pebbles occur locally in the A, B, C, and D sand-
stone beds. The pebbles are well rounded and consist of quartzite or chert.
The quartzite pebbles consist of subrounded to well-rounded moderately sorted
fine- to medium-grained quartz grains that contain abundant irregular inclu-
sions or scarce acicular inclusions. Rare constituents that collectively
amount to less than 1 percent include chert and feldspar. Jagged interlocking
grain boundaries caused by pressure solution are common. Coarse grains and
small pebbles as large as 7 mm in diameter are common and are conspicuous in
the red quartzites by their light~-gray color. The coarse grains and small
pebbles are composed of quartzite that has a textural and mineralogical com-
position similar to that of the enclosing quartzite pebbles. T. E, Mullens
(oral commun., 1966) examined some of the quartzite pebbles from the conglom-
erate lenses and stated that they appear similar to some of the Precambrian
quartzites that occur in north-central Utah, The chert pebbles are light to
dark gray and vuggy and commonly contain fossil fragments and fusulinids .
which indicate late Paleozoic age. The results of a count of 338 pebbles at
measured section S24 (pl. 10) are listed below. The estimated median diameter
of the pebbles at this locality is 10 mm, and the intermediate diameter of

the largest pebble is 72 mm.

Pebble composition of conglomerate lenses in A sandstone bed
of John Henry Member of Straight Cliffs Formation

Percent

Quartzites==-=-c-memw-cecooceaaa et e L LT 37
Light gray-=---=---ccecermcacrcccraccncnnacax 73
|t e e R L e e L R L i 14

Chert=---==memececec e cc e c e cer e e e e r e e e e e 13
Light gray-=---=-=---c-cceccmccccaaa~- mmme e 8

Dark gray==----=ceoweccmmrme e rr e e e e 5.
100

Several aspects of the pebbles in sandstone beds A to D are significant
when compared to the scattered pebbles in the thick sandstones in the barren
zones of the John Henry Member: (1) quartzite is more abundant in these

beds, whereas chert is more abundant in the barren zonns; (2) red quartzite
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is common in these beds, whereas red quartzite is rare in the barren zones;
and (3) many of the pebbles are considerably larger in these beds than the
pebbles in the barren zones, which seldom exceed 5 mm in diameter. Although
the pebbles have not been found in strata higher than the D sandstone bed,
sand-size grains of red quartzite are found as high as the G sandstone bed.
The above features, and especially the red quartzite grains, are of consider-
able value in separating these sandstones from other sandstone beds in the
barren and coal zones of the John Henry Member. .

Several black sandstone lenses consisting of concentrated heavy minerals
occur at the top of the B sandstone bed in Croton syncline and near the crest
of Rees Canyon anticline. The beds are approximately lens shaped in cross
section and trend about N. 45° W. The thickest and most coacencrated deposits
occur at the Long Shot claims in secs. 4, 5, 8, and 9, T. 40 S,, R. 5 E.,
where the beds are about 200 feet wide and as much as & feet thick (fig. 17).
Strata that include the black sandstone beds at the claims can be traced for
about 1 mile in & northwest direction, although the individual black sandstone
beds appear to ve in lens- and wedge-shaped units that do not continue that
far, 3Brief descriptions and analyses of the black samdstone degosits arc
given by Duw and Batty (1961, p. 1ll-14).

The black sandstone deposits at the Long Shot claims were sampied in
detail by J. F. Murphy and R. S. Houston in 1967, and preliminary results of
some of their work were donated to the writer for this report. The following
table lists the range and average mineralogical composition of heavy minerals
from five of their samples. The heavy minerals totaled 56-77 percent of the
total mineral assemblage.

Mineralogical composition, in percent, of heavy minerals

in black sandstone deposits, top of B sandstone bed
in John Henry Member of Straight Cliffs Formation

Range Average

Opaque mineralg==-~==--~ceeccmeanacca 63-84 73
Zircon-=----~-ce-ssceecommcemmccn oo 15-32 22
Rutile-==--ccmmmmmercccmcc e ccceeaea 1- 5 2
Garnet-m--cccccc e e n e 0- 3 2
Tourmaline==~----=wemcocauaaa-" R 0-1 1
Staurolite-«--=---emcmcmemm e e a 0-1 tr
Sphene-~~-~-mc-mrecmeccenr e e e e - tr tr
Apatite~m--o~vccccc e e e c e e tr _tr

100

tr = trace, less than $.5 percent.
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The sandstone beds locally contain a threefold vertical sequence of
bedding structures that is not found in other sandstones in the member. The
lower unit of the sequence contains horizontal stratification and low-angle

medium- to large-scale trough cross-stratification, the middle unit contains - . .

low- and high-angle medium-scale trough cross-stratification, and the upper

unit contains very low angle (less than about 5°) medium- to large-scale
wedge-planar cross-stratification. Strata containing the lower bedding unit
are grayish orange, strata containing the middle bedding unit are grayish
orange to very light gray, and strata containing the upper bedding unit are
very light gray to white., The black sandstone deposits are local occurrences
in beds containing the upper bedding unit.

The lower vedding unit is the most common of the three types, and except
in the southwesternmost part of each bed, the lower unit is always present
whether or not the other types are present. The three bedding units are com-
monly absent in the southwesternmost parts of the beds where abundant mottles
and burrows indicate that burrowing organisms have obliterated any bedding
structures that might have been formed. Part or all of the vertical pzdding
sequence may be found locelly repeated in the same bed, although this is not
common. This is because the beds actually consist of several parts, and the
partial or complete sequence is found in each part.

Plates 10 and 11 show that the A to G sandstone beds interfinger ccnsid-
erably more complexly than is suggested by the simplified relations stown in
figure 16. The A, B, C, D, and G sandstones could be subdivided further but
the present nomenclature is already sufficiently complex. The significance
of the interfingering is that each of these beds is composed of several parts
that are approximately lens shaped in a northeast-southwest direction, and for
this reason the sandstone beds should not be thought of as simple tabular
bodies.

The key sandstone beds are commonly 50-100 feet thick, and locally some
are ‘as much as about 200 feet thick. The A, B, C, and G sandstone beds can
be traced or correlated 50 miles northwest along or within several miles
southwest of the Straight Cliffs escarpment, and detailed stratigraphic
studies in the many canyons northwest of Left Hand Collett Canyon would
probably demonstrate that the other beds also extend that far. The E and

F sandstones are about 5 miles wide in a northeast direction, and although
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the A, B, C, and D sandstones are eroded at the Straight Cliffs escarpment,
evidence from thickness trends suggests that the B, C, and D sandstones were
originally about 20 miles wide and that the A sandstone was originally about
30 miles wide. The G sandstone, or at least its lithogenetic equivalents, -
probably extended 50 or more miles northeast to the Henry Mountains region.
Well-preserved fossils are uncommon in the sandstone beds, but finely
divided fragments of oysters and inocerams occur in many places. The A
séndstone contains the most abundant and varied fossil fauna. Inoceramus
involutus, generally %-1 foot long, is the most conspicuous fossil in this
bed because of its relatively large size. The burrow structure Cphiomorpha
sp., probably formed by a burrowing arthropod similar to the living decapod

crustacean Callianassa major Say (Weimer and Hoyt, 1964), is commonly found

near the base of the sandstones or is locally abundant in the southwestern=-
most parts of several of the beds. A summary list of fossils from these
beds follows. They were identified by W. A. Cobban, D. H. Dunkle, Nicholas

Hotton 3d, and the wricer.

Fossils from the A to G sandstone beds, John Henry Member of the
Straight Cliffs Formation

A sandstone bed

Peliecypoda Cephalopoda
Inoceramys. (Volviceramus) Baculites asper Morton
involutus Sovierby Placenticeras sp.

I. cf. I. stantoni Sokolow

b ? .
Inoceramus sp. Arthropoda? sp

Ostrea congesta Conrad Ophiomorpha sp.
Ostrea sp. Vertebrata~-~Chondrichthyes (sharks
Crassostrea soleniscus (Meek) and skates)
Cardium cf. C. curtum Meek and Shark teeth, undet.
Hayden

Vertebrata--Reptilia

. . C. paup k i .
€. cf. C. pauperculum Mee Turtle carapace fragments, undet.

Cymbophora? sp.
Gastropoda
Gyrodes cf. G. depressus Meek

B sandstone bed

Pelecypoda Gastropada
Inoceramus sp. Gyrodes cf. G. conradi Meek

G. cf. G. depressus Meek
Rostellites? sp.
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Fossils from the A to G sandstone beds, John Henry Member of the
Straight Cliffs Formation--continued

C sandstone bed

Pelecypoda
Ingceramus sp.
Crassostrea coalvillensis (Meek)

D sandstone bed

Pelecypoda Arthropoda?
Ostrea sp. 4 Ophiomorpha sp.
Cephalopoda

Baculites sp.

E sandstone bed

Pelecypoda Arthropoda?

Inoceramus sp. Ophiomorpha sp.

Ostrez sp. Vertebrata--~Chondrichthyes
Cephalopaca Shark teeth, undet.

Baculites sp.

G sandstone bed

Pelecvpoda
Inoceranus cf. I, (Cordiceramus) mUlleri Petrascheck

Marine mudstone tongues

The lower and upper marine mudstone tongues consist of slope-forming
units of interbedded sandstone and mudstone (fig. 15). Several other thin
marine mudstone tongues occur between the A, B, C, and D sandstones and are
included in the following descriptions.

The sandstone beds in the marine mudstone tongues are grayish orange
(LOYR 7/4) to pale yellowish brown (10YR 6/2) and consist mainly of well-
sorted very fine grained sandstone. Thin-section analyses indicate that
they have nearly the same mineralogical features as the A to G sandstones
except that the percentage of feldspars is relatively low and the percentage
of clastic dolomite grains is relatively high. Bedding is of the same types
that occur in the lower bedding unit in the A to G sandstones, although
ripple cross-laminated beds are also common. Most ' 'of the sandstones in the
marine mudstone tongues appear to be northeastward-extending tongues of the

A to G sandstones that are too thin to be traced well in the field. The
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following composition is an average of the modal analvses shown on plates
12 and 13. According to the classification used in tZis report, a rock of

the following composition would be termed a subfeldsgzthic sandstone.

Average of 15 modal analyses, in percent, of szndstone in the
marine mudstone tongues of the John Henry Mzmber of the
Straight Cliffs Formation (cement not ZIncluded)

All Constituents
constituents: (1), (2), (3)
(1) Stable grains------=---=------c-c-oo-- 73 ’ 82
Quartz-=------------c--c----- 73
Chertesecemcmcmcrmcecceanaa 1
Quartzite-------=~-mmm--m-ao 1
(Z) Feldspars==-=-e-ememecmmcmemc e 2 2
(3) Unstable grains==--=------ccccmconao 13 16
Clastic dolomite------------ 15
Clastic calcite--=-=-~---=-=-= tr
(4) Matrix=-=-c-emmoocmcm e 7
(5) Accessory minerals (biotite,
garnet, glauconite, musco-
vite, tourmaline, zircon)=-~------=== 1
10C 100

tr = trace, less than 0.5 percent.

The mudstone beds are medium dark gray (N4) or, _ess commonly, light
olive gray (5Y 6/1) and are very thin to thin bedded. The mudstcne probably
amounts to less than 50 percent of all the beds in th: mudstone tongues.

Minor lithologies in the mudstone tongues inclucz= small limestone con-
cretions and thin conglomerate lenses. Several small gray unfossiliferous
dense limestone concretions were found in about the middle of the lower .
marine mudstone tongue at the Straight Cliffs escarpmant, Conglomerate lenses
less than 3 feet thick occur locally at the base of t=e lower marine mud-
stone tongue (fig. 18). The clasts are well rounded =nd range to as large

~as cobble size (as much as 6 in. long). They agg_93539§§g“g§ihly,g§~gggwggwm v

gray quartzite (pebbles and cobbles) or less commonly of chert (pebbles),

Strata in the lower part of the lower marine mudstone tongue apparently

thin and pinch out southwestward by onlap on the uncczformable surface at
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the base of the John Henry Member. Other Beds in this tongue and strata in
the other tongues grade southwestward into the A to G sandstone beds.
Well-preserved fossils are uncommon in the marine mudstone tongues, but
finely divided fragments of oysters and inoceramids occur in many of the
sandstones. The burrow structure Ophiomorpha sp. is the most abundant fossil
that was found. A summary list of fossils from the lower and upper marine
mudstone tongues is given below. The fossils were identified by W. A, Cobban,

D. H. Dunkle, Nicholas Hotton 3d, and the writer.

Fossils from the lower and upper marine mudstone tongues,
John Henry Member of Straight Cliffs Formation

Lower marine mudstone tongue

Pelecypoda ’ Arthropoda?
Inoceramus cf. I. stantoni Sokolow Ophiomorpha sp.

Inocerzmus sp.

Ostrea sp.

Aoomia? sp.

Cardiwa cf. C. pauperculum Meek

Vertebrata--Chondricnthyes (sharks
and skates)
Lamna appendiculata Agassiz

Ptychodus sp.

Gastropcda
Cyrodes cf. G. depressus Meek

Cephalopoda
Baculites asper Morton
Baculites codyensis Reeside
Scaphites sp.
Placenticeras sp.
Protexanites shoshonensis (Meek)

Upper marine mudstone tongue

Annelida Arthropoda
Serpula sp. Ophiomorpha sp.
Pelecypoda

Inoceramus (Endocostea) cf. I.
balticus BYhm

I. (Sphenoceramus) sp.

Inoceramus sp., with a truncate
anterior margin

Ostrea sp.

Crassostrea soleniscus (Meek)

Cardium cf. C. pauperculum Meek

A large sandstone block that contained abundant fossils was found at
the foot of the Straight Cliffs escarpment near Fiftymile Point. The block

) probably came from the lower marine mudstone tongue or the A sandstone bed.
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Although the shells were probably concentrated by currents, the assemblage
indicates that a greater variety of animal life existed during deposition of
the John Henry Member than is evident from collections at any other locality
in the region. Fossils in this block were identified by W. A. Cobban and

are listed below.

Pelecypoda Gastropoda
Nucula sp. Gyrodes aff. G. depressus Meek
Inoceramus stantoni Sokolow Euspira? sp.
Oxytoma sp. Xenophora sp.
Ostrea sp. Turritella sp.
Anomia subguadrata Stanton Anomalofusus? sp.
Cardium sp. Actaeon? sp.

Tellina sp.

Cymbophora so. Cephalopoda

Baculites asper Morton

Scaphopoda Scaphites sp.
Dentalium sp. Placenticeras n. sp.

Undetermined heteromorph ammonite

General

The foregoing paragraphs have shown that the John Henry Member is com-
posed of four different assemblages of lithologies, namely those in the barren
zounes, coal zones, key sandstone beds, and marine mudstone tongues. The four
types of litlologic units reach their greatest thicknesses in different parts
of the regicn, with the result that certain lateral changes in the member are
fairly clear. Thus, in the southwestern part of the region, yellowish-green
mudstones and fine-grained poorly to moderately sorted sandstones of the barre-
zones are common. In the central part from Warm Creek syncline to Last Chance
syncline, carbonaceous mudstones, coal, and very fine grained moderately sortec
sandstones of the coal zones are common. In the northeastern part at Rees
Canyon anticline and in most of Croton syncline, the fine-grained well-scrted
thick cliff-forming key sandstone beds are common.‘ And in the northeastermmos:
part at the Straight Cliffs escarpment, the interbedded very fine grained
well-sorted sandstones and gray mudstones of the marine mudstone tongues are
common. The lateral variations in the member are especially apparent in the
textural and mineralogical composition of the sandstones (pls. 12, 13).
Table 6 allows comparison of the average of modal analyses from sandstones in
each of the measured sections shown on plates 12 and 13 and the average of
all the modal analyses that were made. The difference in quartz and matrix

content is especially apparent.
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TABLE 6.--Comparison of average of modal analyses, in percent, from
sandstone in four measured sections, and average of all analyses

(Southwest) (Northeast)

Measured section

S7 S3, S22 529 S34 All
No. of samples

33 30 24 34 121
Stable grains------ 52 61 78 80 67
Quartz--=----=----- (44) (56) (72) (76) {61)
Cherfmvmwemeeeean ( 4) ( 4) (&) (3 ( 4
Quartzite-=------ ( 4) (1 (2 (L) { 2)
Feldspars===---==--- 9 4 5 3 5
Unstable grains=---- 10 10 10 10 10
Clastic dolomite- ( 7) (9 (10) (10) { 9)
Clastic calcite-- ( 3) ( 1 ( 0) (tr) ( 1)
Matrix==-===-=w-c-ua 27 24 7 7 17
Accessory minerals- 2 1 tr tr 1

tr = trace, less than 0.5 percent.
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The John Henry Member has a minimum thickneés of about 660 feet cver
the Nipple Bench and Smoky Mountain anticlines. The member is thickest in
Croton syncline where a restored section totaled about 1,120 feet. In the
northwestern Kaiparowits region, the group of beds that includes units 10-31
above the base of a section measured by J. C. Lawrence (in Robison, 1966,

P. 21-23) and tentatively assigned by the writer to the John Henry Member
is 657 feet thick.

The position of the unconformity at the base of the John Henry Member
is generally easy to recognize by the sharp color contrast of the carbona-
ceous mudstones and generally gray sandstones near the base of the member with
the white to very light gray Calico bed at the top of the underlying Smoky
Hollow Member., Wwhere the Calico bed is missing, the unconformity can usually
be found by the diffefence in character of the mudstones and sandstones
above and below the contact. Red and light-gray quartzite pebbles and cobbles
and chert pebbles in conglomerate lenses or as scattered clasts generally
occur at che base of the lower marine mudstone tongue in the northeastern
part of the region. The quartzite pebbles, and especially the rsd quartzite
pebbles, are rare in the Smoky Hollow Member, which commonly counteins small
quartz, feldspar, and chert pebbles.

The upper part of the John Henry Member probably interfingers with the
lower part of the Drip Tank Member, but this cannot be demcnstrated conclu~
sively because talus conceals the contact in many places. Where exposures
are good, the upper contact is placed at the top of the highest mudstone bed
underlying the thick cliff-forming sandstone of the Drip Tank. Where expo-
sures are poor, the contact can be placed at the bottom of conspicuous and
laterally continuous sandstone beds that occur at or near the mudstone-
sandstone contact and that can be traced laterally as key beds.

Fossils that are diagnostic of age are not common in the John Henry
Meqber, but several species indicate reasonably good age assignments and

correlation. Inoceramus cf, I. stantoni and Protexanites shoshonensis in

the lower marine mudstone tongue and I. cf. I. stantoni and I. (Volviceramus)

involutus in the A sandstone bed indicate that the lewer part of the John

Henry Member is late Coniacian in age (W. A, Cobban, written commun., 1966;
Scott and Cobban, 1964, p. 5). Inoceramus (Sphenoceramus) sp. and Inoceramus

(Endocostea) cf. I. balticus came from the lower part of the upper
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marine mudstone tongue, and Inoceramus sp. which has a truncate anterior
margin came from the upper part of the upper marine mudstone tongue.

Inoceramus cf. I. (Cordiceramus) mlilleri was found in the G sandstone bed.

According to W. A, Cobban (written commun., 1966, 1968), these fossils
indicate an approximately early Campanian age. Accordingly, the middle part
of the John Henry Member is of Santonian age. Strata in the Alvey coal zone
are probably also early Campanian in age because the Alvey coal zone inter-
fingers with the G sandstone bed and because palyncmorphs that suggest
middle to late Campanian age were found in the upper part of the Kaiparowits
Formation about 3,000 feet above the top of the Straight Cliffs Formation in
the northwestern Kaiparowits region (R. H. Tschudy and S. D. Van Loenen,
written commun., 1967; Bowers, 1968).

The paleontological evidence indicates that the John Henry Member
ranges in ags from about late Coniacian to early Campanian (table 3). In
terms of the standard reference sequence of formations for the Western
Interior region, the John Henry correlates with the middle and upper parts
of the Smoky Hill Shale Member of the Niobrara Formation at Pueblo, Colo.
(Scott and Cobban, 1964) and probably with the lowermost part of the Gamacn
Ferrugincus Member of the Pierre Shale at Red Bird, Wyo. (Gill and Cobban,
1966). The lower and upper marine mudstone tongues correlate approximately
with the Mulatto and Satan Tongues, respectively, of the Mancos Shale in
the San Juaan Basin of New Mexico (fig. 9). Correlation with rocks in Black

Mesa, Ariz,, is indicated in figure 8.

DRIP TANK MEMBER

The Drip Tank Member of the Saraight Cliffs Formation is a cliff-forming
sandstone unit that is resistant to erosion and generally supports an irregu-
lar bench or stripped structural surface at the top of the Straight Cliffs
Formation (fig. 14). The lower part éf the member generally forms cliffs,
although talus accumulations conceal the.lower contact in many places. The
upper part of the member and the lower part of the overlying Wéhweap Forma-
tion are generally stripped back and form a broad bench. Windblown sand on
this bench and talus accumulations at the foot of bluffs that are composed

of the Wahweap Formation conceal the uppermost part of the Drip Tank Member
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in many places. The member was named for exposures =zar the mouth of Drip
Tank Canyon in the NE%NE% sec, 24, T. 40 8., R. 3 E., Xane County, Utah
(Petersecn, 1969).

The Drip Tank Member consists mainly of pale-ye_lowish-brown (10YR 6/2)
to grayish-orange (lOYR 7/4) fine- to coarse-grained zoorly to moderately
sorted sandstone. Bedding is generally of trough-ty:= cross-stratification
and is small to medium scale and low to high angle. The sandstone consists
mainly of subangular slightly strained quartz grains containing all the major
types of inclusions. The feldspars generally amount o less than about 15
percent of the rock and are mainly of the plagicclas:z varieties (oligoclase
and andesine), althcugh scarce potassium varieties (:--thoclase and rare
microcline) are also present. Some of these grains :re mocderately altered,
and probably part of the clay mineral fraction in th: matrix originated from
postcepositional alteration of the feldspars. The clzstic dolomite grains
are polycrystalline aggregates or monocrystalline grzins. Approximacely 15
© percent of the sandstone is silt- and clay-size matri:: in which the clay
,minerals hove the optical properties of the kaolin z~z montmerillonice groups.

- The accessory mincrals are a small and almost insigrniZicant part of the

" mineral assemblags. The sandstone is moderately cemzzted by calcite and is

fairly porous. The following is an average of the nzlal analyses shown on
plates 12 and 13. According to the classification uszd in this report, a rock
of the following composition would be termed an impuz:z feldspathic sandstone.

Average of 13 modal analyses, in percent, of sand:tone in Drip Tank
Member of Straight Cliffs Formation (cement -ot included)

All Constituents
constituzzts (1), (2), (3)
(1) Stable grains===---==-===-e--cmcmocoaooaoann 73 87
Quartzee-----c~cmccmcnco e e -~ 52
Chert-~---~--cc-voceccnonmconaaa- 11
Quartzite~=----=---mcc-acccocooaa- 10
(2) Feldspars-~-===----ccwoemocamanau- mm e 8 10
(3) Unstable graing==-===---ce=-ccccmcmcoccnaan 3 3
Clastic dolomite--------~-------- 3
Clastic calcite-=-----==--=v-c---a 0
(4) Matrixe=-=---cececmommmc e oo 15
(5) Accessory minerals (biotite, garnet,
glauconite, muscovite, tourmaline,
Zircon)-ve--s-emecmc e ececee e 1 .
129 100
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Minor lithologies in the Drip Tank Member include scattered pebbles
and pebble conglomerate lenses, mudchip conglomerates, and thin mudstone
tongues or lenses. The scattered pebbles and pebble conglomerate lenses
occur mainly in the lower 50-80 feet of the member, and they are more abun-
dant southwest of Smoky Mountain anticline. The pebbles are generally of
chert and are less than about 16 mm in diameter, although some as large as
25 mm were found in the southwescern part of the region. Clear quartz and
feldspar as coarse and very ccarse sand grains, or rarely as granules,
commonly coccur with the chert pebbles. The pebble composition of the con-
glomerate lenses at measured section S1 near Nipple Butte is listed below
and is based on a count of 393 pebbles. The quartz and feldspar grains at
this locality were of sand size and, therefore, these minerals were not

included in the count.

Pebble composition of conglomerate lenses in lower part
of Drip Tank Member of Straight Cliffs Formation

Percent
Chert:
Light gray=---=--eccecomcr e e 8
Dark gray=-----=-=c-cecmccmrmnaaeann 15
Pink-=-omomme e r e re e e e e e e 1
100

Scattered mudchip conglomerate lenses as much as 3 feet thick are
scarce but have been found in the upper part of the member. The clasts are
of dusky-yellow (5Y 6/4) to light-olive-gray (5Y 6/1) mudstone and are en-
closed in a matrix of fine- to medium-grained poorly sorted poorly to moder-
ately cemented sandstone. Scattered mudchip clasts may be found in any part
of the member, but they are not common,

Dusky-yellow (5Y 6/4) to light-olive-gray (5Y 6/1) very thin to thin
bedded bentonitic mudstone lenses that are as much as 20 feet thick are
séarce but may be found in any part of the member. Thin beds of the same
lithology commonly occur near the top of the member and are tongues of the
Wahweap Formation that are too thin to map separately.

The upper part of the Drip Tank Member interfingers with the lower part
of the Wahweap Formation, and where exposures are good, the upper contact is

placed at the base of the lowest mudstone bed overlying the thick
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cliff-forming sandstone of the Drip Tank Member. Where exposures are poor,
the contact can be placed at the top of prominent and laterally continuous
sandstone beds that occur at or near the sandstone-mudstone contact and that
can be traced laterally as key beds.

The Drip Tank Member is about 141-255 feet thick in the southeastern
Kaiparowits region. In the northwestern Kaiparowits region the highest unit
in a section measured by J. C. Lawrence (in Robison, 1966, p. 21) and tenta-
Eively assigned by the writer to the Drip Tank Yember is 523 feet thick.

Fossils are generally poorly preserved and fragmented in the Drip Tank
Member. Petrified logs and fragments of petrifiad wood and vertebrate bones
were found throughout the member but are more z>undant in about the lower
half. D. H. Dunkle and Nicholas Hotton 3d iden:cified some of the collected
material as Trionyx? sp. (soft-shelled turtle). E. V. Stephens (oral commun.,
1967) found shark teeth in the member about 9 miles northwest of Escalante,
Utah, in the northern Kaiparowits region. These are long-ranging fossils and

' fare not diagnostic of age.
nk;; The Drip Tank Member is probably early Cazzanian in age on the basis of

Al ¥

;vfgﬁhdirect evidence from fossils in older and younzer beds. Early Campzanian

'}foASSils occur about 150 feet below the Drip Tank in the G sandstone bed of
the John Henry Member., Strata in these members apparently represent con-
tinuous deposition, and the members are not sepzrated by an unconformity.
Palynomorphs that suggest middle to late Campanian age occur about 3,000
feet above the Drip Tank in the upper part of the Kaiparowits Formation in
the northwestern Kaiparowits region (R. H. Tschudy and S. D. Van Loenen,
written commun., 1967; Bowers, 1968). From this evidence it is clear that
the Drip Tank is Campanian in age, and proximitr to early Campanian beds
suggests that the Drip Tank Member is of early Czmpanian age (table 3).
This age assignment suggests that the Drip Tank correlates approximately
with the lower part of the Gammon Ferruginous lzmber of the Pierre Shale
at Red Bird, Wyo. (Gill and Cobban, 1966) or possibly with the uppermost
part of the Smoky Hill Shale Member of the Niobrara Formation at Pueblo,
Colo. (Scott and Cobban, 1964). Correlation with rocks in the San Juan

Basin of New Mexico is shown in figure 9.
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Wahweap Formation

The Wahweap Sandstone was named by Gregory and Moore (1931, p. 91,
104-106) for exposures on upper Wahweap Creek about 15 miles northwest of
Glen Canyon City, Utah., The formation consists mainly of interbedded mud-
stone and sandstone, and for this reason Peterson and Waldrop (1965, p. 65-66)
applied the more general name Wahweap Formation to these beds. Because mud-
stone is the dominant lithology near the base and sandstone is the dominant
lithology near the top, the lower part of the formation weathers easily to
smeeth and rounded slopes that commonly are concealed by talus and windblown
sand and silt; the upper part of the formation is resistant to erosion,
weathers to cliffs, and forms a broad bench or stripped structural surface
(fig. 19). The Wahweap was not studied in great detzail, but the following
description gives an understanding of the general lithology of the formaticn

.. and furnishes the background for conclusions regarding deposition and struc-

o~ ‘tural movements in the region.
¢ e

“

* Sandstone is the dominant lithology in the upper parct of the Wahweap

1=
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(fig. 20), and the top of the formation is capped by ua prominent c

- sandstone unit that is commonly 250-350 feet thick (fig. 19). Tne sandstone

is generally grayish yellow (5Y 8/4) to dark yellowish orange (LOYR 6/6),
fine to medium grained, and poorly to moderately sorted,

Thin sections were made only of sandstones near the base of the forma-
tion, but in these the rock consists mainly of subangular slightly strained
quartz grains containing all the major types of inclusions. The feldspars
generally amcunt to about 15 percent of the rock and are mainly of the plagio-
clase varieties (oligoclase and andesine), although scarce potassium varie=-
ties (orthoclase and rare microcline) are also present. Some of these grains
are moderately altered, and probably part of the clay mineral fractiom in
the matrix originated from postdepositional alteration of the feldspars.

The clastic carbonate grains are rare and consist mainly of polycrystalline
aggregates of dolomite or calcite., Approximately one-fourth of the sand-
stone is silt~ and clay-size matrix in which the clay minerals have the
optical properties of the kaolin or montmecrillenite groups. The accessory
minerals are a small and almost insignificant part of the mineral assemblage,

The rock is moderately cemented by calcite, but except for the beds at the
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top of the formation, the sandstone is not very porous because of the high
matrix content., The following is an average of the modal analyses shown on
plate 12, The analyses were made on samples from the base of the formation
and may not be representative of sandstones in the rest of the formation,
although significant differences cannot be noted with a hand lens. According
to the classification used in this report, a rock of the following composition

would be termed an impure feldspathic sandstone.

Average of seven modal analyses, in percent, of sandstone
near base of Wahweap Formation (cement not included)

All Constituents
constituents (1), (2), (3)
(1) Stable grains=--==--c=cmcm-mmomoooanno 55 76
Quartz-=----=-c-ceocmmae e 45
Cherte=-cveremmmecre e r e - 7
Quartzite=-----=-----m--ocu-- 3
(2) Feldspars=---=--==-ccoommmmcm i ceen o 15 21
(3) Unstable grains=------=-----ecc-cuoa-- 2 3
Clastic dolomitew«===v-vc-e=-u- 1
Clastic calcite~--=-=-=-oce-- 1
(4) Matrixe------ecccmmmcmccc e e e 27
(5) Accessory minerals (biotite,
garnet, glauconite, musco-
vite, tourmaline, zircon)----- emm——— 1
100 100

Thé thicker sandstones (more than about 5 ft thick) generally contain
small- to medium-scale low- to high-angle trough cross-stratification and
rare horizontal stratification. ‘Commonly, the beds grade upward into very
fine grainéd ripple cross-laminated sandstone in the upper 1-3 feet,.

Thinner sandstone beds (less than about 5 ft) coﬁmonly have small-scale
low-angle cross-stratification or ripple cross-lamination.

Mudstone that weathers to a general yellowish-green color is the common
lithology in about the lower 500 feet of the formation. The mudstone is
dusky yellow (5Y 6/4) to light olive gray (5Y 6/1) at fresh exposures, very
thin to thick bedded, and bentonitic. Thin sandstone beds are commonly

interbedded with the mudstone.
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Minor lithologies include carbonaceous mudstone lenses, scatters
pebbles or pebble conglomerate lenses, and mudchip conglomerate lemszs.
Medium-gray (N5) carbonaceous mudstone is rare but occurs in lenses zzner-
ally less than 3 feet thick in the other mudstones. Some of the sazZIstones
also contain thin laminae of carbonaceous mudstone. Scattered pebblzs occur
in many of the thicker sandstone beds, and thin pebble conglomerate _enses
that are generally less than 2 feet in maximum thickness occur in czz upper
part of the formation (fig. 20). The clasts are composed mainly of light-
and dark-gray chert pebbles less than about 16 mm in diameter., Clez= quartz
and feldspar pebbles less than about 8 mm in diameter are also comxmon, and
red chert pebbles less than about 8 mm in diameter are rare. Scattzrad mud-
chip conglomerate lenses generally less than 8 feet thick occur in :zze lower-
most beds of the formation (fig. 21). The clasts are of dusky-yelli:=< to
light~olive-gray mudstone and are enclosed in a matrix composed of Zine- to
medium~-grained poorly sorted poorly to moderately cemented sandstorz.

The upper contact of the Wahweap Formation could not be determined
because it occurs on a broad bench that is covered by windolown sazi and
silt. In other parts of the Kaiparowits region, however, the conta:z: occurs
where the light-colored cliff-forming sandstone at the top of the W :iTweap
grades intc dark-colored slope-forming sandstone and mudstone at tiz base of
the overlying Kaiparowits Formation. Judging from this, it is likelyr that
the contact is within about 50-100 feet of the top of measured sectizas W3,
W4, and W5 shown in figure 20.

The Wahweap totals 1,172 and 1,502 feet, respectively, at inco=dlete
measured sections W5 and W3 shown in figure 20. Because it is belizved that
the upper contact is within 50-100 feet of the top of the formation =zt these
localities, the thicknesses given above seem to be a reasonable miz‘=um ap-
proximation of the true thickness of the formation. The Wahweap is 500-1,364
feet thick in the northwestern Kaiparowits region (Robison, 1966, p. 25-26;
Bowers, 1968), and Gregory and Moore (1931, p. 105) found that the Zormation
averages about 1,250 feet thick throughout the Kaiparowits Plateau.

AN

Fossils are generally scarce in the Wahweap Formation, althoug- they are
surprisingly common at measured section WL (tig. 20) in the southwestern part
-of the region. Vertebrate bone fragments are common in some of the sandstone

beds but generally they are not adequately preserved to merit collsction, and
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those that are well preserved are too firmly embedded in the rock to be
extracted, The following summary list of fossils is from several collec-
tions made by G. A. Izett, G. W. Horton, R. L+-Sutton, H. A. Waldrop, and
the writer; they were identified by W. A, Cobban, G. E. Lewis, R. E. Peck,
R. A, Scott, I. G. Sohn, and the writer.

Fossils in the Wahweap Formation

Pelecypoda Vertebrata
Plesielliptic sp. Osteichthyes (bony fish)
Proparreysia aff. P. baueri lLepidosteus sp. (garpike)
(Stanton) cqa
Reptilia

Proparreysia P. gardneri (Stanton)
Proparrevsia sp.

Undetermined turtle
Undetermined crocodile

Gastropoda Undetermined hadrosaurian
Viviparus sp. . ornithischian dirosaur

Campeloma cf. C. nebrascensis Plante
(Meek and Hayden) Cha
Campaloma sp. hara n. Sp.
0D Mescchara n. sp.

Tulotcmons aff. T. laevibasalis Yen - - . -
e - Undetermined coniferous wood
Tulotomops s

s ” e
Physa <o. Cercidiphyllum? sp.; (fruit)

Ostracoda
Cypridea spg.
Undetermined ostracodss

Ty

The foussilils indicate a Late Cretaceous age for the Wahweap tormation,
but the underlying John Henry Member of the Straight Cliffs Formation con-
tains fossils that indicate an early Campanian age, and the upper pact of
the overlying Kaiparowits Formation contains palynomorphs that suggest middle
to late Campanian age (R. H. Tschudy and S. D. Van Loenen, written commun.,
1967; Bowers, 1968). The fossils in these formations indicate that the
Wahweap Formation is probably early and middle Campanian in age and that
the formation correlates approximately with the lower and middle parts of
the Pierre Shale at Red Bird, Wyo. (Gill and Cobban, 1966, p. 35). The
thick upper sandstone unit of the Wahweap is similar to the Castlegate
Sandstone of the Book Cliffs region in that both of these units are wide-
spread fluvial sandstones. According to W. A. Cobban (oral commun., 1969),
the best estimate of the age of the Castlegate is that it correlates with a
nmiddle Campanian faunal zone that is characterized by an unnamed smooth
species of Baculites that occurs between the zones of B. perplexus and B.

asperiformis in the sequence of Western Interior ammonite zones suggested

’
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by Gill and Cobban (1966, p. 35). This long distance correlation with the
Castlegate, although tenuous, is in agreement with an early and middle
Campanian age assignment for the Wahweap. This age suggests that the lower
and middle parts of the Wahweap Formation are the same approximate age as
the Mesaverde Formation and the Masuk Member of the Mancos Shale in the Henry
Mountains region (Hunt and others, 1953). Correlation of the Wahweap with

rocks in the San Juan Basin of New Mexico is shown in figure 9,

Formations in northwestern Kaiparowits region

Two Upper Cretaceous formations that.are younger than the Wahweap
Formaction occur in the northwestern part of the Kaiparowits region. The
Kaiparowits Formation consists of slope-forming bluish-gray sandstone and
minor mudstone (Robison, 1966, p. 27-28) and is as mach as 2,756 feet thick
(Lohrengel, 1968). The Kaiparowits conformably overlies the Wahweap, and
apparentiy these formations represent a continuous sequence of deposition.
Contrary to the opinions expressed by Van De Graaff (1963, p. 68) and
Lessentine (1965, p. 2017), there is no evidence that an unconformity sepa-
rates these formations. On the basis of palynomorphs, the upper part of the
Kaiparowits is about middle to late Campanian in age, according to R. H.
Tschudy and S. D. Van loenen (written commun., 1967) and Bowers (1968).

A newly discovered Upper Cretacecus formation about 0-900 feet thick
that consists mainly of red to gray mudstone and conglomarate overlies the
Kaiparowits Formation. According to W, E. Bowers (oral commun., 1969),
local ercosion of the Kaiparowits Formation occurred prior to deposition of
the mudstone and conglomerate unit, but it has not yet been determined
whether this is strictly a local phenomenon in an otherwise continuous
sequence of beds or if an unconformity separates these two formations. The
lower part of the mudstone and conglomerate unit contains late Campanian
palynomorphs (R. H. Tschudy and S. D. Van Loenen, written commun.,, 1967;
Bo&ers, 1968), and the unit is probably entirely of late Campanian age.

The approximate correlation of the Kaiparowits Formation and tﬁe muds tone
and conglomerate unit with rocks in the San Juan Basin of New Mexico is

shown in figure 9.
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SEDIMENTARY FACIES

The concept of facies as applied to sedimentary rocks was first proposed
by Armand Gressly (1836, 1838, 1840, 1841), who used the ter= to describe
local lithologic or paleontological differences in Jurassic formations of
northwestern Switzerland,

"I was thus able to recognize in the horizontal dimemnsicn of each

formation various well-marked lateral changes that had constant

peculiarities not only in the petrographic make-up but zlso in

the palaecntological character (or aspect) of the assexzblage of
ot ats

fossils * * %" (Gressly, 1838, p. 10-11; translation by Schenck,
1961, p. 8).

Gressly also recognized that the local differences in tie formations

were at least partly the result of deposition in different exnvironments.

p

"I think that the changes, whether petrographic or pa
that one sees in a formation in its horizontal extent
by the different euvironments and other circumstances
the present day influence so decidedly the different

species of organisms populating the modern seas' (Gre
P. ll; translation by Schenck, 1961, p. 8).
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Gressly did not use a precise scheme in applying names to the facies;
instead, he named them according to the particular sediment type, fossils,
or enviromnment that seemed to characterize each., Thus, in zis various re-
ports, he wrote of mud facies with hydrozoans, coralline facies, littoral
mud facies, pelagic facies, and open marine facies.

The term facies is used in this report in essentially cthe same context
as that used by Gressly. The Cretaceous formations in the southeastern
Kaiparowits region are composed of several different types of rock units or
facies in which the lithologic and paleontological aspects are consistently
different, These differences were largely caused by contemcoraneous depo-
sition in geographically separated enviromments--each of which had its own
characteristic physical, chemical, and biological process<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>