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CONTRIBUTIONS TO THE GEOLOGY OF URANIUM

CLAY MINERALS IN TRIASSIC ROCKS OF THE
COLORADO PLATEAU

By Leoxarp G. ScHULTZ

ABSTRACT

Kaolinite, illite, montmorillonite, chlorite, palygorskite, and mixed-layer clay
composed of different proportions of illite, montmorillonite, and chlorite were
identified in samples from the Moenkopi formation and the gvérlying Chinle
formation using X-ray-diffractometer methods.

Predominantly illitic sediments, inferred to have come from an eastern source,
characterize the Moenkopi formation, and the upper part of the Chinle formation
in the northern part of the Colorado Plateau. While the illitic sediments were
being transported westward, some of the less resistant accessory components,
such as chlorite, were destroyed and kaolinite was formed.

Montmorillonitic clays, inferred to have come from a southern source, charac-
terize most of the rocks in the lower part of the Chinle formation and also
are abundant components of the upper part of the Chinle in the southern part
of the Colorado Plateau. They were derived mostly by alteration of volcanic
debris. Part of the volcanic debris probably was altered before deposition,
but rounded tuff particles, now composed of aggregates of swelling clay, must
have altered after deposition. Latite tuff altered to highly montmorillonitic
clays; rhyolite tuff altered to mixed-layer illite-montmorillonite clays. The
altered rhyolite tuff is the less abundant of the two types and generally occurs
stratigraphically below the altered latite tuft.

Clay assemblages in some rocks near the Chinle-Moenkopi contact are mostly
the result of weathering. The effects of weathering are most pronounced in
mottled soil zones formed on rocks at the surface during the Chinle-Moenkopi
hiatus and in rocks laid down during the initial intermittent stage of Chinle
deposition. Characteristic clays of the weathered rocks are Kkaolinite, par-
ticularly a poorly crystallized variety, and a type of mixed-layer illite-mont-
morillonite. In contrast to the mottled soil zones, clays in bleached zones just
below the Chinle-Moenkopi contact are unaltered; the bleached zones appar-
ently were caused by ground water circulating in the overlying Chinle sandstones.

Palygorskite is locally abundant near the middle of the Chinle formation. Its
origin is undetermined.

No one clay or assemblage of clays is characteristically associated with ura-
nium deposits in the Triassie rocks. Clays from some mines are predominantly
kaolinitic; some are chloritic; some are illitic; and others are montmorillonitic,
but in each deposit they are similar to the clays found in nearby barren rocks.
Secondary kaolinite and chlorite occur both in mineralized and unmineralized
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rocks and seem to represent recrystallization or slight modification of clays
deposited with the sediments. The only observed postdeposition change which
can be attributed to mineralizing solutions is adsorption of vanadium on some
chlorite.

Uranium-vanadium mineralization in the Triassic rocks was closely related
to the occurrence of altered rhyolite tuffs. These tuffs logically should have
contained large amounts of uranium. As they were altered, in part, after dep-
ogition, uranium and other elements released during their alteration may have
formed the ore deposits in favorable host rocks nearby.

INTRODUCTION

This investigation outlines the distribution of clay minerals in
the Moenkopi formation of Early and Middle(?) Triassic age and the
Chinle formation of Late Triassic age and their lateral equivalents
throughout most of the Colorado Plateau. Quantitative analysis of
the clays is intended to give evidence of source terranes, the condi-
tions of deposition, and the extent of post-depositional alteration.
Clay data are related as far as possible to studies of other features of
these rocks, including stratigraphy, lithofacies, petrology, and sedi-
mentary structures. As most samples for this study came from south-
eastern Utah, stratigraphic nomenclature used in this report (table 1)
follows the nomenclature for that area. Much of the stratigraphic
description is after Stewart and others (1959).

Special topics considered are the probable extent of volcanic ori-
gin of the Triassic rocks, the origin of certain mottled and bleached
strata near the base of the Chinle formation, and the nature of clays
found in uranium ores. Uranium deposits in the sandstones near
the base of the Chinle formation are among the principal sources of
uranium in the United States. Knowledge of clays in these deposits
and in associated rocks should serve to limit speculation on the origin
of the ore deposits.

About 1200 samples from 70 stratigraphic sections and from 19
localities where uranium mineralization occurred were analyzed.
Their approximate locations are shown on plate 1; and their exact
locations are listed in the table at the end of the report under “sam-
ple localities.” The writer’s own samples collected from 1954 to
1956 were augmented by samples furnished by J. H. Stewart, R. A.
Cadigan, W. D. Keller, T. E. Mullens, and by 19 volcanic pebbles col-
lected by William Thordarson from the seven localities shown on plate
1. Samples from the several formations were referred to sections
previously measured by the U.S. Geological Survey. The samples
were obtained by digging a foot or so into the outcrop to a point
where the rock looked fresh. To check the suitability of such sam-
ples for this study, 10 samples were taken from 4 drill cores, and
samples were also taken from nearby outcrops at equivalent strati-
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TasLE 1.—Triassic stratigraphy in southeastern Utah
[Modified after Stewart and others, 1959]

Formation Member ’I‘hickn)ess Dominant lithology
(feet
‘Wingate sandstone 200-350 | Pale-brown to orange crossbedded sand-
stone.
Church Rock 0-350 | Reddish-brown siltstone and silty sand-
stone.
Owl Rock 0-450 | Reddish siltstone with minor silty lime-
stone beds.
Petrified Forest 0-600 | Varicolored swelling claystone.
Moss Back 0-150 | Buff fine- to medium-grained sandstone.
Chinle formation
Monitor Butte 0-250 | Greenish-gray swelling claystone and
clayey sandstone.
Shinarump 0-200 | Buff medium- to coarse-grained sandstone.
Temple Mountain 0-30 | Mottled red-gray-purple sandy siltstone

(San Rafael Swell area only).

Moenkopi formation 0-900 | Reddish-brown siltstone with some sand-
stone and limestone beds.

graphic positions. A very close similarity in the mineralogical com-
position of the core samples and of the fresh-looking surface samples
indicates that weathering has not affected the surface rock apprecia-
bly. Samples for the study of clay minerals associated with uranium-
bearing rock were collected from underground mines.

The writer wishes to acknowledge help received from many mem-
bers of the Geological Survey, particularly J. H. Stewart, whose
work on the Triassic stratigraphy of the Colorado Plateau served
as an indispensable guide for the clay sampling. The writer is
grateful to R. A. Cadigan, W. D. Keller, C. C. Hawley, and William
Thordarson for the use of their thin sections of Triassic sediments.
Capable and willing assistance of D. H. Phail and R. W. Wheeler
facilitated the laboratory work. Mrs. H. A. N. Schultz also helped
with the field, laboratory, and microscopic work. The report con-
cerns work done by the U.S. Geological Survey on behalf of the
Division of Raw Materials of the U.S. Atomic Energy Commission.

LABORATORY ANALYSIS
X-RAY DIFFRACTOMETER EXAMINATION

In this project, X-ray diffractometer traces were used for both
the qualitative and quantitative analysis of the clay minerals in each
sample. The X-ray diffractometer measures the angular diffraction
of an X-ray beam by a mineral and records it as a trace on graph
paper. Peak positions on the diffractometer trace characterize lattice
spacings in the crystal structure and serve to identify the mineral.
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For the clay minerals, spacings between structural zones parallel to
the basal cleavage (001 reflections) are most useful for identification.
The intensities of these basal reflections from these basal zones are
greatly enhanced by sedimenting an oriented aggregate in which
the clay flakes are parallel to a flat sample holder. Reflections from
nonbasal zones of clay minerals are also useful and are seen best on
diffractometer traces of finely ground material having no preferred
orientation of the clay flakes. Unoriented powders are also most
suitable for identification of nonclay minerals, such as quartz, car-
bonates, and feldspar. Chemical and heat treatments were essential
for identification of individual clay minerals in the many-component
clay mixtures common in the Triassic rocks. A brief nontechnical
description of clay-mineral analysis by use of X-ray diffractometer
techniques is given by Weaver (1958a, p. 262-271). More complete
descriptions are given by Grim (1953, p. 84-105) and by Brindley
(1951 and 1955).

Samples of Triassic rock were disaggregated either in a roller
mill or in a mechanical mixer, depending upon the swelling prop-
erties of the sample. The < 2-micron fraction was separated by ‘
settling in water, and an oriented-aggregate slide was prepared for
X-ray study. The coarse fraction of some samples was separated on
a 325-mesh sieve and was saved for study of the nonclay minerals.
An unoriented-powder slide was also prepared from the powder of
the whole unfractionated sample. One X-ray diffractometer trace
was made of the unoriented powder of the whole sample, and four
traces were made of the oriented aggregate of the < 2-micron frac-
tion, as follows: (1) After air drying, (2) after treatment with
glycol, (3) after heating at 300°C for half an hour, and (4) after
heating at 550°C for half an hour. For some samples, traces were
also made of the unoriented powder of the < 2-micron fraction.
Traces were run on an XRD-3 diffractometer using filtered copper
radiation, at a scanning speed of 2 degrees per minute. When more
detailed information was needed, scanning speeds of less than 2
degrees per minute or powder-camera techniques were used. Some
samples were X-rayed both before and after immersion overnight
in warm 6/ hydrochloric acid to determine if they contained acid-
soluble minerals, such as some kinds of chlorite.

Quantitative estimates of the relative amounts of each clay min-
eral in the samples were made by comparing the intensities of cer-
tain peaks of each clay mineral. The general method has been
described previously (Schultz, 1960). The quantitative estimates of
each clay mineral are probably accurate to within 10 percent of the
graphed value.
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X-ray analysis was also the principal method for identification of
nonclay minerals, particularly the feldspar. Feldspar is present in
amounts of only a few percent in most samples taken for this study,
so that usually only the strongest peaks can be distinguished clearly.
A peak at about 3.24 A was interpreted as potassium feldspar; a peak
at about 3.18 A was interpreted as plagioclase feldspar. An estimate
of which type of feldspar was dominant could be made for most
samples. For samples containing a high proportion of feldspar,
X-ray analyses could be used to supplement petrographic identifica-
tion of different types of sanidine. According to Bowen and Tuttle
(1950, p. 493), the 201 spacing of alkali feldspar varies almost linearly,
from 4.23 A for potassium feldspar to 4.04 A for albite, and serves to
indicate the extent of solid solution between the two end members.

MICROSCOPIC EXAMINATION

Microscope work augmented the X-ray studies. Observation of
fresh broken surfaces under the high power of the binocular micro-
scope proved to be an effective means of identifying and estimating the
amount of tuff particles. Thin sections of 75 samples showed some
textural relations significant to the origin of the clay minerals; these
will be discussed later in the report. Nineteen additional thin sections
of volcanic pebbles were classified on the basis of their mineral con-
tent. Feldspar from several samples was concentrated by density
separation of particles which did not pass through a 325-mesh sieve;
the feldspar was then identified under a polarizing microscope with a
universal stage and by X-ray diffraction. According to MacKenzie
and Smith (1956, p. 406), sanidine can accommodate as much as 40
percent of the albite molecule in solid solution and the optic angle of
the sanidine increases from less than 20° to more than 30° with in-
crease in sodium content. Two types of sanidine are recognized in
the 'Triassic rocks: (1) a low-sodium variety that has an optic angle
of 20° or less and a 201 spacing ranging from 4.20 to 4.22 A and (2) a
high-sodium variety that has an optic angle of about 30° and contains
between 25 and 40 percent of the albite molecule.

CHEMICAL AND BASE-EXCHANGE ANALYSIS

Chemical analyses shown in table 2 were made of six samples that
represent six of the clay mineral types in the Triassic rocks. Base-
exchange analyses made on a representative group of montmorillonitic
and illitic samples are shown in table 3. These analyses are discussed
under the section describing the clay minerals. Uranium-vanadium
determinations obtained for critical samples will be discussed in con-
nection with vanadiferous chlorite in the section on mineralization.
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TABLE 2.—Chemical analyses of Triassic clays

[Rapid rock analyses, in percent, by P. L. D. Elmore, K. E, White, P. W, Scott, and 8. D. Botts. X-ray
traces for these six samples are shown on pl. 2}
Mixed- Mixed-
layer layer Montmo- Palygor-
Tllitic clay illite- montmo- | rillonite Chlorite skite !
montmo- rillonite
rillonite
Wi-10 Ls-2 OR-6g JH-10 453 PH-15
53.4 48.6 52.5 49.6 39.6 51.0
22.2 22,8 19.1 20.0 16.3 13.4
4.7 37.4 4,7 52 3.5 4.2
.62 .30 .28 .16 6.9 .21
2.8 2.2 3.2 2.2 14.0 6.7
.32 .90 1.0 2.2 .85 4.4
.25 .24 1.2 . 56 .78 .24
6.9 5.5 4.2 .65 1.4 2.6
.70 .84 .52 .51 .7 .40
.18 .26 .06 .38 .78 .06
.02 .00 .01 .04 .07 .03
8.2 11.2 12.7 18.8 13.0 14.2
.16 .41 .46 .12 3.7
100 101 100 100 ' 4908 101

1 Also contains 25 percent illite, 10 percent mixed-layer montmorillonite, and 8 percent carbonates.
2 Includes a few percent quartz (see pl. 2).
3 Includes a few percent hematite.
4 Also contains 0,48 percent uranium and 1.02 percent V305 (not shown).

Wi-10. Loc. 69, taken 70 ft above base of Church Rock member; analysis 148256.
L8-20, Loc. 65, taken 35 ft above base of Chinle formation; analysis 148257.
OR-6g. Loc. 39, taken 200 it above base of Petrified Forest member; analysis 148258,
JH-10. Loc. 11, taken 145 ft above base of Chinle formation; analysis 148259.

453. Loe. 27, collected by W. D. Keller; analysis 148261.
PH-15. Loc. 38, taken 30 ft above base of Owl Rock member; analysis 148260.

TABLE 3.—Base-exchange analyses of Triassic clays
[In milllequivalents per 100 grams. Analyses by Dorothy Carroll and H. C, Starkey)

Mixed-| Mixed-
layer | layer
Nlitic | illite- | mont- Montmorillonite
Exchangeable clay | mont- | moril-
cations - moril- | lonite
lonite
Wi-10 { LsS-2 | OR-6g | JH-10 | JH-17 | P-10 |CW-7r| OR-6.5| PH-9 | JH-7
6.8 27.1 32.7 67.7 41.2 31.9 33.2 34.5 32.2 53.0
1.3 7.3 6.9 30.2 15.5 9.8 18.3 11.4 18.7 14,0
1.8 5.4 31.0 26.0 49.0 83.0 94.0 93.0 75.0 25.0
0 0 7.0 4.0 4.0 8.0 7.0 8.0 8.0 6.0
6.6 L1 I SO 3.8 22 8 RO RSNV DRV RS (R,
Total cations. 16.5 39.8 77.6 | 131.7 131.3 | 132.7 | 152.5 | 146.9 | 133.9 98.0
Base-exchange
capacity 1.__..._. 41.0 58.3 97.1 111.6 | 112.9 | 136.6 | 131.9 | 109.0 | 132.9 111.5

1 Determined by the ammonium chloride method.

‘Wi-10. Loe. 69, taken 70 ft above base of Church Rock member.

L8-2. Loc. 65, taken 35 ft above base of Chinle formation.

OR-6g. Loc. 39, taken 200 ft above base of Petrified Forest member.
JH-10. Loe. 11, taken 145 ft above base of Chinle formation.
JH-17. Loc. 11, taken 700 ft above base of Chinle formation.

P-10. Loc. 5, taken 345 ft above base of Petrified Forest member.
Cw-7r. Loc. 37, taken 190 ft above base of Chinle formation
OR-6.5. Loc. 39, taken 215 ft above base of Petrified Forest member.

PH-9. Loc. 38, taken 170 ft above base of Monitor Butte member.

JH-7. Loc. 11, taken 10 ft above base of Chinle formation.
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CLAY MINERALS DISTINGUISHED IN THE
TRIASSIC ROCKS

The Triassic rocks of the Colorado Plateau commonly contain varie-
ties of illite, kaolinite, chlorite, and mixed-layer combinations of illite
and montmorillonite or of chlorite and montmorillonite. Palygor-
skite is also present in a few samples. Ten varieties of clay minerals
recognized in this study are defined, and the criteria used to identify
each are described. The mixed-layer combinations of illite and mont-
morillonite are given arbitrary limits appropriate to this study, and
informal names are assigned to each restricted combination. X-ray
diffraction traces of the different clay minerals are shown on plate 2,
together with schematic illustrations of some of the clay-mineral struc-
tures and with structural formulas calculated according to the method
of Ross and Hendricks (1945, p. 41-42) from some of the chemical
analyses given in table 2.

Brief discussions of the possible geologic interpretations of the
groups of clay minerals found in the Triassic rocks are also given be-
low. Asmost clays are known to form under a variety of conditions,
generalizations regarding the clay minerals as environmental indi-
cators can be made only in the broadest terms, with the expectation
that exceptions may be found. Much of the data for these generali-
zations is summarized by Grim (1953, p. 316-368; and 1958).

ILLITE-MONTMORILLONITE GROUP

The lattice structures of montmorillonite and illite are closely
related. The common aluminous varieties have two sheets of tetra-
hedrally coordinated silica separated by a sheet of octahedrally coordi-
nated alumina, pl. 2 4 and D. The three structural sheets compose
a micalike layer that is slightly less than 10 A thick. Much less
common are structurally similar clays that contain 3 divalent mag-
nesium or iron ions for every 2 trivalent aluminum ions in the octa-
hedral layer of the common variety. The aluminous variety is called
dioctahedral, and the magnesium or ferrous varieties are called triocta-
hedral. Dioctahedral clays have 060-spacings of 1.50-51 A; tri-
octahedral clays have 060 spacings of 1.53-1.57 A. The 060 spacings of
about 1.50 A shown on plate 2.4-0 are typical of the illite and
montmorillonite in the Triassic rocks and indicate that the minerals
are dioctahedral and aluminous. The same dioctahedral aluminous
character is indicated by the structural formulas.

The basic micalike layers of illite are separate by potassium ions
that are not readily exchanged and which bind adjacent layers to-
gether so that water or other molecules will not penetrate between
the layers. Thus,illite has a basal spacing of 10 A that is not changed
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either by mild heat or by chemical treatment. Montmorillonite
differs from illite in that its micalike layers are separated by cations—
such as sodium, calcium, magnesium, or hydrogen—that are readily
replaced (exchanged) by other cations. Water and other molecules
readily penetrate between the layers, producing basal spacings of
more than 10 A. At normal humidities, one or two water layers be-
tween the mica sheets, produce basal spacings of 12.5 A to 15 A;
adsorption of ethylene glycol molecules invariably produces a spacing
of 17 A; heat treatment drives volatile molecules from between the
layers and produces a basal spacing of about 9.8 A that is very close
to the 10-A spacing illite.

Illite and montmorillonite also may be interlayered with each other.
Peaks for the basal spacings recorded on the X-ray patterns are gen-
erally broad and at positions intermediate between spacings expected
from the individual components. A whole series of mixed-layer clays
with different proportions of illite and montmorillonite are found
in the Triassic rocks. A progressive change in the proportions of
illite and montmorillonite in this group of mixed-layer clay minerals
is also indicated by their base-exchange capacities (table 3).

[1lite—Illite is the predominant clay mineral in most of the Trias-
sic rocks. The X-ray diffractometer trace of a nearly pure illite
(pl. 24) is distinguished by the persistence of the 10 A basal spacing
through all treatments. Careful examination of the X-ray traces of
glycol-treated illitic clays from the Triassic rocks almost always, how-
ever, reveals a slight bulge on the low-angle side of the 10-A peak;
after heat treatment the bulge disappears with a corresponding slight
increase in the height of the 10-A peak. This fact indicates the
presence of some mixed-layer illite described in the following section.

In the Triassic rocks, the many-component mineral mixtures gen-
erally prevented distinction between the different mica polymorphs
(Yoder and Eugster, 1954 and 1955). Only in favorable samples
could the distinction be made, and this information will be discussed
in the section on relations between clay minerals and uranium-vana-
dium mineralization.

Mized-layer illite—Mixed-layer clay composed of illite and mont-
morillonite in which the expandable montmorillonite layers comprise
a third or less of the total layers is here called mixed-layer illite. It
does not make up the major part of any sample studied but is com-
monly present in all samples that contain illite. This ubiquitous
mixture of illite and mixed-layer illite is here called illitic clay.

Mived-layer illite-montmorillonite—Many Triassic samples con-
tain a mixed-layer illite-montmorillonite clay in which the montmo-
rillonite layers are estimated to constitute from a third to about a half
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of the total; such clay is here designated mixed-layer illite-montmo-
rillonite. After glycol treatment, its first basal reflection is at about
12-13 A (pl. 2B). After heat treatment the basal spacing decreases
to about 10 A.

Mized-layer montmorillonite—Mixed-layer clay in which montmo-
rillonite exceeds illite is abundant in many samples and is here desig-
nated mixed-layer montmorillonite. Glycol treatment causes a shift
of the first basal reflection to a very broad peak (pl. 2C) that centers
closer to the 17-A position of montmorillonite than the 10-A position
of illite. After heat treatment the basal spacing decreases to 10 A.

Montmorillonite—Montmorillonite is an important constituent in
some Triassic rocks. Its X-ray diffractometer trace, after glycol
treatment, shows a series of sharp basal reflections with the 001 at 17
A (pl. 2D); after heat treatment, its basal spacing is about 10 A.
Base-exchange data (table 3) show that varieties high in both calcium
and sodium are present.

In this report, a combination of montmorillonite and mixed-layer
montmorillonite is called montmorillonitic clay.

Geologic interpretation—Of the illite-montmorillonite group of
clay minerals, illite is the most common in sedimentary rocks. It
can form by leaching of many silicate minerals, such as mica or feld-
spar, in almost any environment> which contains some potassium.
Illite may be derived directly from bedrock or from mildly leached
soils that formed on these rocks. It is also known to occur as a prod-
uct of hydrothermal alteration and reportedly of diagenetic action
in marine waters. Aluminous illite, which makes up by far the
largest proportion of illite in sedimentary rocks, is relatively stable
and, unless subjected to fairly intense leaching, may go through several
sedimentary cycles unchanged.

Montmorillonite also can form from a variety of materials under
diverse conditions. Presence of alkali and alkaline earths, particu-
larly magnesium, favors its formation. Strong leaching generally
destroys it or inhibits its formation. The best known occurrence of
montmorillonite is in bentonite beds formed by alteration of tuffs.
Most volcanic debris, particularly volcanic glass, is highly unstable
under near-surface conditions, and its chemical composition commonly
is such that it readily—almost spontaneously—alters to montmoril-
lonite. Montmorillonite has been reported in mildly leached soils,
particularly where drainage is poor. It also occurs as a product of
hydrothermal alteration. Stability of montmorillonite in a potas-
sium-rich marine environment depends somewhat upon the extent of
atomic substitutions within its crystal lattice. According to Weaver
(1958b), most volcanic-derived montmorillonite is not readily altered
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in marine waters, but varieties in which large amounts of aluminum
substitute for silicon in the tetrahedral layers (“degraded illite”) may
adsorb potassium ions and be converted to nonexpanding illite.

Mixed-layer clays have been reported to be abundant in many
sedimentary rocks (Weaver, 1958a, fig. 1). Some varieties of vol-
canic debris, as those found in the Tertiary rocks near Denver, Colo.,
(Schlocker and Van Horn, 1958) and in Ordovician bentonite
(Weaver, 1953), may also alter to these clays. Probably the most
characteristic occurrence of mixed-layer clays, however, is in mod-
erately leached soils. When illite-bearing sedimentary rocks are
weathered, many of the potassium ions are stripped from between
the micalike layers, and the illite becomes partly expandable. Mixed-
layer clays probably are affected by changes in environment in about
the same way as their individual components.

KAOLINITE

Kaolinite is the most aluminous of the clay minerals. Single
structural sheets of silica tetrahedra combine with single structural
sheets of alumina octahedra to produce a kaolin layer about 7 A thick.
(pL. 2E).

Well-crystallized kaolinite—The well-crystallized variety of kaolin-
ite (pl. 2£") is characterized by the complete series of sharp reflec-
tions it produces on its X-ray-diffractometer trace (Brindley, 1951,
p. 41).

Poorly crystallized kaolinite—All gradations were found between
well-crystallized and poorly ecrystallized varieties of kaolinite.
Poorly crystallized kaolinite (pl. 2F) is characterized by relatively
broad basal peaks and by absence of certain nonbasal reflections. For
this study, kaolinite is classified as poorly crystallized if its 7-A dif-
fractometer peak is so broad that it gives an area-height ratio of
greater than 1.3 (Schultz, 1960).

Geologic interpretation~—Formation of kaolinite is favored by an
oxidizing acid environment. Intensely leached feldspathic rocks are
cited most often as a source for kaolinite; however, under favorable
conditions kaolinite can form from materials as diverse as feldspar,
volcanic ash, and basalt or from almost any other rock which con-
tains some alumina and silica. Kaolinite is common in highly leached
soils of the lateritic type and in yellow and red podsols, such as
those of the southeastern United States. It also forms by acid hydro-
thermal alteration. It has been characterized as typical of a fresh-
water environment with a good circulation of oxygenated water.
Kaolinite seldom forms in marine or saline waters. Once formed,
kaolinite is relatively stable and can survive a considerable change
in environment.
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CHLORITE

Chlorite is composed of 4 sheets that normally include 2 tetrahedral
silica sheets and 2 octahedral brucite [Mg(OH),] sheets (pl. 2G).
The 2 silica sheets and 1 brucite sheet combine to form a 10-A layer
similar to trioctahedral mica. This micalike layer alternates with
the second brucite sheet. The brucite sheet is about 4 A thick, so
that the chlorite structure is repeated at intervals of about 14 A.
Aluminum commonly substitutes for some of the silicon atoms, and
both aluminum and iron substitute for some magnesium ions. The
chlorite structure normally produces a series of basal X-ray dif-
fractometer peaks at about 14 A, 7 A, 47 A, and 3.5 A, with an
intensity ratio of about 114, 3, 1, and 2, respectively. The peak
positions do not shift appreciably after glycol or heat treatment, but
after heat treatment at 550° C, the 14—A peak about doubles in size
and higher order basal peaks practically disappear. The magnesian
varieties of chlorite are soluble in strong acid solutions.

Part of the chlorite in the Triassic rocks is the common variety
just described. This variety is most common as a minor component
in the fine-grained sedimentary rocks. Other chlorite in the Triassic
rocks, however, differs from the common variety in several ways,
which all indicate that it is an unusually aluminous variety. Twenty
samples of chlorite (including the three illustrated in pls. 2G—7) gave
060 reflections between 1.50 A and 1.51 A, indicating that they are
of the dioctahedral aluminous variety instead of the common triocta-
hedral variety, which would give 060 reflections of 1.53-1.57 A. In
many other samples in which the 060 reflection is obscured by reflec-
tions from other minerals, the large intensity of the third-order basal
reflection of the chlorite (pls. 267, 4.7-A position) indicates alumi-
nous chlorite. Normally this third-order basal reflection is much
smaller than the second-order reflection, but Brindley and Gillery
(1956, p. 178) suggest that an intense third-order basal reflection
would be expected from an aluminous chlorite, particularly if the
aluminum were concentrated in the micalike layer rather than in
the brucite sheet.

Chemical and solubility data also indicate that much of the chlo-
rite in Triassic sediments is aluminous. The only chlorite chemically
analyzed for this study (table 2, sample 453) contains alumina about
equal in amount to magnesium plus ferrous oxide; this contrasts with
typical magnesium chlorite in which alumina is only about half as
abundant. Furthermore, the samples of Triassic chlorite determined
to be aluminous from their X-ray patterns were all insoluble in warm
6N hydrochloric acid. However, subordinate amounts of chlorite
present in some other samples were soluble and thus presumably

679-279 0—63——2 |
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were magnesian. As the chemical character of the chlorite in many
samples is in doubt, this property cannot be used as a primary basis
for clay mineral classification in this study.

An expandable constituent, montmorillonite, is mixed layered with
some of the chlorite in the Triassic sediments. Its presence or absence
can almost always be determined, and in this study it serves to differ-
entiate two types of chlorite: well-crystallized chlorite and mixed-
layer chlorite. The unmodified term “chlorite” refers to both types
undifferentiated.

Well-crystallized chlorite—The positions of the basal reflections on
the X-ray diffractometer traces of well-crystallized chlorite (pl. 2¢)
are not appreciably changed by treatment with either glycol or heat.
Expandable layers are not present.

Mizved-layer chlorite—Chlorite that is mixed layered with mont-
morillonite is here called mixed-layer chlorite. Presence of expand-
able montmorillonite layers caused the normal 14-A position of the
first basal reflection to expand slightly with glycol treatment and to
contract slightly with heat treatment (pls. 2/-/). The sample in
plate 27 is composed of a regular alternation of chlorite and montmo-
rillonite that produces a regular series of basal reflections midway
between positions expected for chlorite and montmorillonite. This
regular alternation also produces a basal reflection at a spacing be-
tween 24 A and 31 A, depending on the degree of hydration or gylcol
in the sample; this spacing represents the sum of the basal spacings
of chlorite and montmorillonite. All gradations were found between
mixed-layer chlorite (pl. 27) with equal amounts of regularly alter-
nated chlorite and montmorillonite and well-crystallized chlorite (pl.
2@') with no montmorillonite, but in no sample was montmorillonite
the dominant component. An X-ray trace of a mixed-layer chlorite
in which about a quarter of the layers are expandable is shown on
plate 2H.

Different types of chlorite occur together in many samples. For
example, the sample in plate 2/ contains a small amount of well-
crystallized chlorite, in addition to the dominant mixed-layer chlorite,
as indicated by the persistence of the 003 chlorite peak at 4.7 A after
glycol and heat treatments.

Optical properties of the dioctahedral mixed-layer chlorite range
from those characteristic of chlorite to those of montmorillonite, The
birefringence is low (0.006-0.008), and the index of refraction is
about equal to that of balsam (1.54). The mixed-layer chlorite gen-
erally is colorless except for the vanadiferous variety, whicli has a
pale greenish-gray cast.
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Geologic interpretation.—The magnesian chlorite common in most
sedimentary rocks forms by mild leaching of ferromagnesian minerals
such as biotite, is inherited from older rocks such as chlorite schists,
or may form in marine waters. It is stable only in a magnesium-rich
environment, and under conditions favoring strong leaching condi-
tions it is among the first silicate minerals altered (Jackson and Sher-
man, 1953, p. 235-236). Aluminous varieties of chlorite, such ags those
found in the Triassic rocks should be more stable, however. Their
resistance to leaching is probably about the same as that of aluminous
illite or aluminous montmorillonite.

PALYGORSKITE

Palygorskite (attapulgite) is a magnesium-rich fibrous clay mineral
structurally composed of silicate chains similar to those of amphibole.
Aluminum may substitute for either magnesium or silicon. Although
palygorskite is scarce in most sedimentary rocks, a few Triassic clays
contain substantial amounts. Its diffractometer trace (pl. 27) is char-
acterized by a strong peak at 10.5 A which persists after treatment
with ethylene glycol and after heating to 300°C, but which disappears
after heating to 550°C. Solubility tests and the chemical analysis
indicate that the palygorskite in the Triassic rocks is an insoluble
aluminous variety. The true structural formula for the chemically
analyzed palygorskite probably is more complex than that given on
plate 27 because, in the process of correcting for other minerals in
the sample, all the less abundant oxides were assigned to carbonates,
illite, and mixed-layer montmorillonite.

Palygorskite is found in desert soils and in sediments that accumu-
lIated in desert basins where magnesium is abundant. Its structural
similarity to the amphiboles suggests that some times it may form
from these minerals. It hasalsobeen reported, along with montmoril-
lonite and sepiolite to occur as an alteration product of volcanic mate-
rial (Martin-Vivaldi and others,1955). Apparently palygorskite may
form in a magnesium-rich environment from different types of mate-
rial, but the exact conditions favoring its formation rather than the
formation of montmorillonite are not understood (Mumpton and Roy,

1956).
PRESENTATION OF DATA

CLAY MINERALS

Clay-mineral analyses are reported in the columnar sections on plate
3. The graphic presentation is intended to show both the strati-
graphic and geographic distribution of clay minerals in the Triassie
rocks of the Colorado Plateau. Most of the vertical columns shown
on plate 3 represent the stratigraphic section at one sample locality.
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A few of the vertical columns represent composite sections at two
localities—the first locality number of a composite section is for
Chinle rocks and the second locality number is for Moenkopi rocks.
Each horizontal line within a column indicates the stratigraphic posi-
tion of a sample; in places crowding of sampling points near the
Chinle-Moenkopi contact required some distortion of scale. Differ-
ent clay minerals are represented by various colors, and the propor-
tion of each type of clay is indicated by the extent of the color on the
horizontal line. Thus, if kaolinite constitutes 10 percent of the clay
in a sample, the color for kaolinite extends over one-tenth of the
width of the column. Mineralogical boundaries between samples are
generally straight lines drawn between the adjacent samples, except
at a few places where the boundaries are squared off to conform with
abrupt lithologic changes.

The field classification of each sample is indicated on plate 3 by
a symbol along the horizontal line representing the sample; for ex-
ample, “st” indicates siltstone. The terms “sandstone,” “siltstone,”
and “claystone” are used in their usual sense. “Mudstone” refers to
a heterogeneous mixture of abundant sand- , silt- , and clay-sized
particles. The name “tufl” is applied to claystone formed of rounded
sand- or silt-sized aggregates of clay which, for reasons discussed
later, are believed to be particles of altered tuff. Tuffaceous sand-
stone contains quartz grains as the major constituent and sand-
sized particles of altered tuff particles as the minor component. Tuff-
aceous siltstone contains silt-sized particles of altered tuff, whose
abundance is usually difficult to estimate because of the fine particle
size.

The information from plate 3 is summarized in a more general
and schematic form on plate 4, which illustrates the salient points
of clay distribution throughout the Colorado Plateau.

Additional data concerning a variety of characteristics of the clay
samples and clay minerals are given in tables 4-11.

FELDSPARS

Distribution of potassium and plagioclase feldspars in the Triassic
rocks is summarized in table 4. The data are grouped primarily on
a stratigraphic basis, but a secondary breakdown based on the associ-
ated clay-mineral assemblages illustrates relations between clay and
feldspar types that are discussed later.

CARBONATES

Calcite and dolomite are common throughout the Moenkopi and
the upper part of the Chinle formation. In table 5, clay-mineral
composition of closely spaced pairs of carbonate-rich and carbonate-
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poor samples is compared to determine if clay composition is related
to carbonate content. Half of the pairs contain identical clay-mineral
assemblages. Where the clay minerals are different, the differences
are not consistently related to carbonate content, but commonly are
related to grain size. As will be shown later, clay minerals, such as
well-crystallized kaolinite, that tend to have a large particle size
are concentrated in the coarser grained rocks. Thus, the sandy
limestones from localities 58 and 68 contain more kaolinite than
adjacent siltstones; the fine-grained limestones from localities 70 and
71 contain less kaolinite than the siltstone. It is concluded, there-
fore, that clay-mineral composition is not related to carbonate con-
tent in the Triassic rocks.

TABLE 4.—Feldspar in saumples of Triassic rocks

[Figures are number of samples]

Potassium | Potassium Plagio- Feldspar
Stratigraphic unit and type | feldspar)> | feldspar== clase > present Feldspar Total
of sample plagioclase | plagioclase | potassium | but type absent samples
feldspar | unknown
Owl Rock and Church Rock
members:
Montmorillonitic. - 12 10 35 12 5 74
Kaolinitie, . 28 7 10 29 2 76
Chloritic. 8 8 59 9 3 87
148 25 104 50 10 237
Petrified Forest member:
Upper part .. ____________ 6 4 22 10 4 46
Lowerpart. ... ___________ 22 6 45 15 40 128
28 10 67 25 44 174
Moss Back member:
Kaolinitic..o.____________ 21 0 0 3 20 44
Chloritic... ..o oo 6 8 13 5 2 34
27 8 13 8 22 78
Monitor Butte member:
3 1 13 2 17 36
24 0 3 7 37 71
3 0 0 0 12 15
5 0 0 0 2 7
1 0 0 4} 1 2
36 1 16 9 69 131
Shinarump member:
Kaolinitic... oo 30 0 0 1 31 62
Chloritic .. .ooceooa 1 0 4 4} 2 7
31 0 4 1 33 69
Mottled zone_ ... ... 0 0 0 4} 53 53
Moenkopi formation:
Kaolinitic...._....._.__._. 79 1 2 25 25 132
Chiloritic 34 3 29 10 3 84
Montmorillonitic 8 1 2 4 3 18
121 10 33 39 31 234

1 Potassium feldspar is more abundant than plagioclase in 48 samples from the Owl Rock and AChurch
Rock members; 12 of these samples contain montmorillonitic clays, 28 samples contain kaolinitic clays,
and 8 samples contain chloritic clays.
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TABLE 5.—Carbonate conient and clay minerals
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E?Ejlanation of symbols: Kg, well-crystallized kaolinite; K, kaolinite, erystallinity not determined; I,
te; Tm, mixed-layer {llite; IMm, mixed-layer fllite-montmorillonite; Mm, mixed-layer montmorillenite;
M, montmorillonite;- Clg, well-crystallized chlorite; Clm, mixed-layer chlorite; >>, more than twice as
much as; >, more abundant than; =, about equal to.

Locality Feet
above
Member base of Lithology Mineralogy
stratl-
Name No. graphic
unit
Chinle formation
Buckhorn Wash______.| 72 | Churech Rock.______. 46 | Calcareous claystone..| I>>In
36 | Claystome_.___._..____| I>>In
Moab Canyon...._....| 78 | Church Rock(?)._... 10 | Calcareous siltstone...| I>IMn>>Cl,
7 | Claystone | IDIMa>>Cl,
Muley Twist..._._..___ 56 | Owl Roek._...._____. 158 | Limestone.- I>>In
152 | Siltstone..._.___ - I>>In
Owl Rock____.__._____ 39 |- Lo [ Y 135 | Limestone (nodule).. IMau>I>>M
135 | Calcareous claystone..| IMm>I>>M
Jacob’s Chair_____.____| 51 [..___ Lo s O, 77 | Limestone.___________ I>>In
13 | Calcareous siltstone...] I>Im
Bears Bars_..._.._.___ 49 | dooeeo o . 426 (_____ do. ... | VI>>IMnp
311 | Sandy limestone. I>>IMn=Cln
Bridger Jack Mesa....| 33 [._..- QO 1I=My
I>IMp
I>>Im
I>>In
Poncho House....__... 38 |-amea (s [\ O I>%%m
3 | Sandy limestone_____. T Ma>M>1
Petrified Forest.__.. 2—10 | Calcareous claystone.. o >>M=I
Black Point..___...._. 10 Rock...._.____. 286 | Limestone.._....__._.. 3 M=I>>Cl,
268 | Siltstone. . Mn>I>>Cle
Petrified Forest._.__ 710 | Claystone. M >>M>I
700 | Limestone. Mp>>I
Ghost Ranch_...._....| 19 [.__.._ doo__._____ ... 175 | Siltstone 8 Mn>>I=M>Cl,
140 | Limestone conglomer- Mn>>I>Cl,
ate.
100 | Claystone......_...._. Ma>>I>M=Cl;
30 | Sandy limestone. 1 M >I>Clg>Cln
25 | Claystone Mn>>I>C1
Fort Wingate.._.__.__. 17 . A0 228 | Limestone nodule. M>>SMn
224 | Claystone.___._______. M>>Mup
South Draw...__.__.... 59 | . A0 80 | Calcareous claystone..| 3 Mm=I
46 | Claystone._.._.....__.. ™
Clay Hills Divide..._- 45 [ Monitor Butte.._.__ 147 | Limestone nodule. % mig%
Lucky Strike mine....| 65 I>DIMo>>K,
I>IMw>>Ke
Straight Wash_________ 71 1I>>1Im
€ D>>In>>Ke
Temple Mountain. ... 68 Sandy limestone LK >>I>In
40 | Calcareous siltstone...| I>>In>Ke
Block Mountain......_| 70 |__.__ o () 142 | Limestone 1I>>Im

Vermilion Oliffs.._....
Fredonia...__._____._.

Sinbad limestone.- -_
2 | Shnabkaib

Virgin limestone. . ..
Lower red.._.

Y

Virgin limestone. ...

Claystone.

3I>Ia>Cl,
I=In>>Clg

1 Differences apparently related to the sandiness of the rocks.

2 Feet below top of the unit.

3 Differences not related to the sandiness of the rocks.
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COLOR

Color of the Triassic rocks varies widely and may change abruptly
within short distances. To determine if the clay composition is re-
lated to these color changes, closely spaced pairs of samples of differ-
ent color were taken. Their clay-mineral composition is compared
in table 6. For example, at the first locality listed, Buckhorn Wash
(loc. 72), clay in the purple siltstone at 161 feet above the base of
the Church Rock member differs from that in a nearby red silt-
stone from the same stratigraphic level only in that it contains a very
small amount of chlorite. Most of the color pairs contain identical
clays, and the small differences noted in a fifth of the pairs are not
consistently related to color.

TABLE 6.—Color and clay-mineral composition of samples

Explanation of symbols: K¢, well-crystallized kaolinite; Kp, poorly crystallized kaolinite; K2, kaolinite,
crystallinity not determined; I, illite; In, mixed-layer illite; IMmy, mixed-layer illite-montmorillonite;
My, mixed-layer montmorillonite; M, montmorillonite; Cl,, well-crystallized chlorite; Clm, mixed-layer
chlorite; >>>, more than twice as much as; >, more abundant than; =, about equal to.

Locality Feet
above Color
Member base of and Mineralogy
strati- Lithology
Name No. graphic
unit !
Chinle formation
Buckhorn Wash__._.__ 72 | Church Rock....... 161 | Purple siltstone......_ 2I>>In>>Cle
161 | Red siltstone._...__.__. I>>Im
Straight Wash____.____ 4 S P {6 s 88 | QGreen siltstone_.___._. >>Im
Bridger Jack Mesa.__.| 33 | Owl Rock_____._____
Jacob’s Chair_.___.__.__ [:3 0 P— do_o
Bears Ears._____...... 49 ... [ 60 | Purple siltstone.._.... I=Mmn
51 | Red siltstone__._. I=Mgp
Poncho House..coomn-- 38 |omean £ o T 264 | Red claystone_. 2I>IMn
259 | Purple siltstone I=Mnp
Paria.. .o .. 5 | Petrified Forest_____ 270 | Purple clayston Mn>>I>K:
255 | Red claystone.. Mu>>I>K:
Owl Rock.._..._..___. 89 |-aa-n [ (. 300 | Green claystone M>>I
300 | Red claystone.. M>>I
208 | Green claystone. o
208 | Purple claystone_ o
Monitor Butte_.._.___ 44 | ... 13 (s T 374 | Green claystone_._.... Mp>>I
374 | Purple claystone...._. M>>I
Silver Falls Creek.._.. 55 oo s [ 242 | Red claystone.....___. Mop>>1
215 | Yellow claystone ... Mp>>
Spring Canyon..._..._ 77 | Moss Back. ... 17 | Red claystone.......-. I>Im
15 | Green claystone.__._.. I>In
Comb Wash___._._____ 37 | Monitor Butte---_-. 100 |- A0 Mn>>M
96 | Purple claystone.._._. Mo >>M
Red House......__..__ 46 |____. [ (. 31 | Red claystone__._..... 2 Mp>>T
23 | Green claystone..._... 2Mn>M
Milk Ranch Point.___. 36 |- 3 1 S, 61 .. [ Mmn>>1
61 | Purple claystone.__... w>>1
Buckhorn Wash_______ 72 |oaeea s T, 60 | Red siltstone_...__..__ 2Kp>>IMm
60 | Purple siltstone._.._... 2 Kp=IMmn
53 | Green siltstone__..__.. IMn>K,
53 | Purple siltstone____.._ IMo>K,
Chavez-Prewitt____.__| 18 | Shinarump...-..-.-- 3 | Green sandstone...... 2 K> >Cln>1
3 | Red sandstone...__._.. 2K >>Clm=1
Muley Twist......__ 56 | Mottled zone at 9 { Green siltstone._..._._ Ke>>IMn
base. 9 | Purple siltstone__._._.. Kp>>IMn
Lucky Strike mine_.__| 65 |..._. do . 0| Red siltstone___._._._.. I>IMos>K,
0 | Purple siltstone_ ... I>IMo>K,

See footnotes at end of table.
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TABLE 6.—Color and clay-mineral composition of samples—Continued

Explanation of symbols: Kg, well-crystallized kaolinite; K,, poorly crystallized kaolinite; Ko, kaolinite,
erystallinity not determined; I, illite; I, mixed-layer illite; IMw, mixed-layer illite-montmorillonite;
M, mixed-layer montmorillonite; M, montmorillonite; Clg, well-crystallized chlorite: Clm, mixed-layer
chlorite; >>>, more than twice as much as; >, more abundant than; =, about equal to.

Locality Feet
above
Member b:rsetqt Color and Lithology Mineralogy
- stratl-
Name No. graphie
unit !
Chinle formation—Continued
Spring Canyon....._.. 77 | Mottled zone at base. 8 | Green claystone____.__. IMu>>Kp>>1
8 | Red claystone__. IMo>>K>>1
2 | Green mudstone. IMp>>1
2 | Purple mudgstone IMu>>1I
2 | Red mudstone.. IMn>>1
Buckacre Point....._.. 73 |oaeee (o (s T, 2 | Purple claystone. 2IMn>EKp>>1
2 | Green claystone. 2 IMm=Kp=I
Bridger Jack Mesa....| 83 |.__.. A0 e 2 | Purple claystone. 2 Mup>>Kp>>1
2 | Green claystone.-..... 2 Mu>>K,
Moenkopi formation
Bridger Jack Mesa_...|....| Mottled zone at top. —14| Purple claystone_.____ I=IMn=K;
—14| Green claystone.. I=Ix=K;
...................... —9 | Green claystone s______| I>IMn>>Clg>>
2
—9 | Red claystone._..._._.. I>I%Mm>>01.>>
?
North Sixshooter 32 | Mottled zone at top- —1 | Green claystone....... I=Mn>>Kp
ecak, —1 | Red claystone. I=Mn>>K
Silver Falls Creek.__.| 65 | ... ____.. ... _. 51 | Red siltstone._ I>>Ke>Im
40 | Yellow siltston I>>Ke>Inm
Muddy River... 565 | Green siltstone I>>In>>Clg
565 | Red siltstone.. I>In>>Clg
Buckhorn Wash.. —1 | Green siltstone I>Inm
—15 | Yellow siltston I>In
Temple Mountain..... 599 | Green siltstone 3. IDIn>>K,
599 | Red siltstone.. I>In>>K
Range Canyon........ -3 Lo [+ T, I>>In>Ke
7 | Yellow siltstone. I>>In>Ke
Taylor Canyon........ i 3 I, —5 | Red siltstone..__ I>In>>Cl,
—30 | Yellow siltstone. I>Ia>>Cl
Monitor Butte._....._ 44 | 217 | Green siltstone 3. I>>In>>Cle
217 | Red siltstone____ I>>In>>Cl,
Red House...o.oooe___ 46 |._____- e —40 | Green siltstone 3. | I>>IMa>>Cl,
—40 | Red siltstone._.____.___ I>>IMu>>Cl

1 A minus sign (—) indicates sampling point is below top of unit.
2 Pair with a notably different clay-mineral assemblage. . .
3 Sample taken from greenish-gray spots in predominantly reddish-brown siltstone of the Moenkopi.

MOENKOPI FORMATION
DESCRIPTION

The Moenkopi formation extends throughout the western two-
thirds of the Colorado Plateau, and unnamed strata of Permian and
Triassic age, probably equivalent to part or all of the Moenkopi, ex-
tend into northwest Colorado. Correlation with the Moenkopi of
rocks in west-central and central New Mexico (McKee, 1954) is un-
certain, and therefore these rocks are here referred to as Moenkopi( ?).
In the western part of the Colorado Plateau the Moenkopi com-
monly overlies Permian strata unconformably. In most areas in
the East, it conformably overlies Permian red beds that are litholog-
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ically similar to the Moenkopi and are difficult to differentiate from it.
The Hoskinnini member (pl. 3) is one such unit that recently has been
reassigned from the Permian to the Triassic(?) system (Stewart,
1959). The Hoskinnini was sampled only in part for this study. The
Moenkopi formation is separated from the overlying Chinle formation
by a widespread unconformity. Thickness of the Moenkopi ranges
from a knife edge at most places near the Colorado-Utah and the New
Mexico-Arizona State lines to about 2,000 feet in southwestern Utah.

The major part of the Moenkopi formation is composed of reddish-
brown siltstone that in some areas is interbedded with brown to buft
crossbedded sandstone and in other areas with beds of carbonate and
gypsum. Distribution of lithofacies is shown on figure 1.  Sandstone
ranges in aburdance from about 50 percent of the total Moenkopi in
the east to about 5 percent in the west. In a zone west of the domi-
nantly sandy rocks, the formation is composed mostly of ripple-
laininated siltstone, and still farther west it is composed mostly of
structureless or horizontally laminated siltstone. In the westernmost
zone, the red siltstone is interbedded with marine carbonate and
gypsum beds of the Timpoweap, Virgin limestone, and the Shnab-
kaib members in southwestern Utah and adjacent Arizona and the
Sinbad limestone member in southeastern Utah (pl. 4). A unit
that McKee (1954) called the lower massive sandstone is also shown
on plates 3 and 4, because it will be useful in the description and inter-
pretation of the clay-mineral distribution.

Gradation of predominantly coarse-grained strata in the east into
partly marine fine-grained strata in the west clearly indicates that most
of the Moenkopi sediments came from the east. The crossbedded sand-
stones are fluviatile, and their crossbedding dips predominantly to
the west. McKee (1954) interprets the abundance of ripple marks,
salt casts, shrinkage cracks, and reptile tracks in much of the red
siltstone of the Moenkopi as indicative of flood-plain or tidal-flat de-
posits. Periodically, sedimentation did not keep pace with the rate
of sinking of the area of deposition, so that the sea in which the lime-
stone units of the Moenkopi were deposited extended across the tidal
flats far to the east of its usual position. The area of very sandy sedi-
mentary rocks in central Arizona possibly indicates proximity to an
additional source area of Moenkopi sediments.

CLAY-MINERAL DISTRIBUTION

Illite is the dominant clay mineral in most Moenkopi rocks. Two
other principal types of Moenkopi illitic clay-mineral assemblages are
distinguished : (1) a type with kaolinite as a minor component and (2)
a type with chlorite as a minor component. In places, mixed-layer
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FIcURE 1.—Sedimentary facies and structures in the Moenkopi formation.

illite-montmorillonite rather than mixed-layer illite accompanies the
illite and chlorite. In a few samples, a chlorite-illite assemblage also
contains a fairly large amount of mixed-layer montmorillonite. This
assemblage will be considered as a montmorillonitic variety of the
chloritic type clays from the Moenkopi.

Distribution of the kaolinitic and chloritic clays of the Moenkopi
formation is shown on plates 8 and 4 and is also summarized on figure
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2. In the northern part of the Colorado Plateau, clays in the Moen-
kopi formation are chloritic in the east and kaolinitic in the west.
Few samples contain both kaolinite and chlorite. This mutually
exclusive distribution of kaolinite and chlorite may not be so per-
fect as shown on plate 3 because detection of small amounts of kao-
linite in the presence of chlorite is difficult. However, the general
change from chloritic to kaolinitic Moenkopi clays from east to west
is unquestionable.

Over a wide area in eastern and north-central Arizona, kaolinitic
Moenkopi clays occur in and below the “lower massive sandstone” bed.

EXPLANATION
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F16URE 2.—Distribution of kaolinitic and chloritic clays in the Moenkopi formation.
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Above this bed, the clays are chloritic, and at localities 2 and 4 the en-
tire Moenkopi is chloritic.

The montmorillonitic variety of the chlorite-illite type clay occurs
most extensively along Comb Ridge (locs. 37-38), but small patches of
it were also found at widely scattered places.

Although kaolinite and chlorite are minor components in the silt-
stone and claystone that compose the bulk of the Moenkopi formation,
they commonly are major components of the clay-mineral fraction in
the coarse-grained rocks. This relation is illustrated at many locali-
ties (39, 45, and so forth) and is also applicable to the Chinle
formation.

INTERPRETATION OF GEOGRAPHIC DISTRIBUTION OF CLAY
MINERALS

Most rocks in the Moenkopi formation clearly came from an east-
ern source. The distribution of clay minerals must be interpreted
in the light of this fact. The preponderance of illitic clay in almost
all Moenkopi samples, regardless of whether the samples are from
the terrestrial facies nearer to the source or from farther west, indi-
cates that the bulk of the clay has been transported from the source
area and deposited without very much alteration. However, in the
northern part of the Colorado Plateau, occurrence of chloritic illite
clay to the east and kaolinitic illite clay to the west probably sug-
gests some alteration during transportation. Kaolinite in the marine
Sinbad limestone member suggests that the kaolinite did not form
at the site of deposition because an alkaline marine environment in
which such a limestone is deposited is not favorable for formation
of kaolinite. Furthermore, if chlorite survived transportation until
it entered marine waters, it would likely still be preserved. There-
fore, chlorite derived from the eastern source must have been de-
stroyed some place to the east of the area where marin<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>