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JURASSIC ROCKS OF THE ZUNI UPLIFT, NEW MEXICO

ABSTRACT

The stratigraphy and structure of the Jurassic rocks of the Zuni
Uplift and adjacent areas of northwestern New Mexico were studied by
geologists of the U. S. Atomic Energy Commission during the Spring and
Summer of 1951. Emphasis was placed upon deposits in the vicinity of
Grants, New Mexico.

The Zuni Uplift is an asymmetrical, elliptical dome situated in
the southeastern corner of the San Juan basin. It is approximately 65
miles long by 40 miles wide, an area of about 2,000 square miles, and is
elongated in a northwesterly direction. The Uplift belongs to the south-
eastern portion of the Colorado Plateau physiographic province and abuts
the Basin and Range province to the east and south. The eastern part of
the Uplift is believed transitional between the two structural types as it
is complicated by a myriad of faults and displays the effects of igneous
activity in a series of extrusive rocks, of both fissure and cone types,
ranging in age from the Late Miocene to the geological present. The
western part of the Zuni Uplift is more typical of the Colorado Plateau.

The Jurassic sediments of this region are divided into the Glen
Canyon group, the San Rafael group, and the Morrison formation. These
units overlie the Triassic Chinle shale with no apparent angularity; the
contact between these sediments is drawn with uncertainty at a seldom
exposed grit layer less than 50 feet above a rather prominent limestone
conglomerate within the Chinle.

The Glen Canyon group in this region is represented only by
the basal Wingate formation. Typically, the formation consists of orange
to light buff, fine to medium-grained, sub-rounded, well-sorted, thin-
bedded, limonite-coated sandstone which attains a maximum thickness of
100 feet near Fort Wingate. Sweeping, concave, wedge-type cross-bedding
suggests an eolian environment of deposition although some units appear
to have been reworked by terrestrial waters.

The complexity of facies change within the San Rafael group has
created chaos in the literature and has made regional correlation uncer-
tain. In the Zuni Uplift, the San Rafael group consists of, in ascending
order, the Carmel, the Entrada, the Todilto, the Summerville, and the
Bluff formations.
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The Carmel formation represents the initial incursion of the
Sundance Sea although the red silty faces exposed in the Zuni Uplift was
probably deposited upon a terrestrial extension of the Carmel basin by a
braided network of almost stagnant streams.

The precipitous cliffs, sculptured forms, and deep orange-red
color of the Entrada sandstone have made it the most spectacular forma-
tion along the northern flank of the Zuni Uplift. Huge, sweeping, wedge-
type cross-beds suggest a generally eolian origin, while occasional
parallel-bedded units evidence intermittent deposition in playa lakes.
The color of the Entrada is variable and transects bedding at a low angle.
It is believed that the present color is the consequence of a ground-water
percolating through the sediments before-early Tertiary deformation.

The Todilto formation was deposited in an elliptical basin which
extended about 300 miles east-west and about 100 miles north-south. It
is composed of a lower, extensive limestone member and a central, more
restricted, thick, pure gypsum member. The Zuni Uplift contains only the
basal member which consists of dark gray, fine-grained, dense, thin-
bedded, platy limestone, devoid of megascopic fissils. The Todilto
weathers into rubbly, rectangular fragments. Probably, "Creep" down
the primary dip shortly after deposition created the great number of
penecontemporaneous folds in the limestone and in the basal portion of
the overlying Summerville silty sandstone. The Todilto is believed to be
of lacustrine origin.

The terms Summerville and Bluff are applied in this report with
uncertainty. It is believed that correlation of these sedimentary units is
possible from the northwest. The Summerville formation consists of
interstratified red-brown, light-green, and white, parallel-bedded sand-
stones, siltstone, and shales. It attains a maximum thickness of 185 feet
in the northeastern portion of the Zuni Uplift. The Bluff is composed of
light-green to white to light buff, fine-grained, extremely massive sand-
stone with faint but regular parallel-bedded units. These sediments rep-
resent deposition on a broad flood plain during the final regression of the
Sundance Sea. These formations intertongue laterally and basally. The
Bluff represents deposition closer to the source area.

6



RMO-642

The Morrison formation in this area is divided, rather arbi-
trarily, into three members: The Recapture Creek, the Westwater Can-
yon, the Brushy Basin. The Recapture Creek member consists of inter-
stratified, red-brown, chocolate-brown, light green, and white siltstone,
shale, and fine-grained sandstone with occasional ribs of coarse-grained
channel sands and green, thin limestone beds. The Westwater Canyon
member is a medium to coarse-grained, buff sandstone which was de-
posited by fluctuating streams of considerable velocity. The contained
trees and twigs and the infinite variety of superimposed channels are
characteristic of this member. The Brushy Basin member consists
chiefly of light green bentonitic mudstone with some included sandstone
lenses. The upper portion of the Morrison formation is believed to have
received considerable contribution by pyroclastic action.

The regional stress responsible for the Zuni dome appears to
have been essentially one of vertical Uplift, the consequence, most prob-
ably, of the injection of a subjacent Tertiary pluton. Structural relief is
more than 6,600 feet. The disturbed strata evidence tensional stresses
almost universally. Faults grade laterally into zones of fracturing and
monocline s.

The monoclines are believed to be the expression of faults at
depth. The joints and faults seem almost always to be tensional, normal
to the direction of most bending and normal to the bedding. The planes
of rupture in the crystalline core, including those mineralized with cop-
per, fluorite, barite, pyrite, and quartz, conform to the pattern of Tertiary
uplift.

The most significant regional information gained from this study
of the tectonic framework of Jurassic deposition is the fact that the basin
of deposition appears to have remained essentially constant throughout the
Jurassic. Variations in sedimentation were chiefly the result of climatic
change. Toward the close of the Jurassic, uplift of the source area, "The
Zuni Highland," was accentuated with the consequent contribution of
coarser clastics. This regional uplift finally culminated during the lower
Cretaceous and resulted in the progressive truncation of Jurassic sedi-
ments to the south.
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INTRODUCTION

Purpose and Scope of the Investigation

The primary purpose of this investigation was to provide a de-
tailed structural and stratigraphic background for those companies and
individuals engaged in the development of the uranium resources of the
Zuni and Lucero Uplifts of northwestern New Mexico. An endeavor was
also made to integrate the stratigraphy and structure of this, the south-
eastern corner of the Colorado Plateau, with the more studied areas of
uranium production to the northwest.

Approximately 40% of the eight months spent in this region were
employed in obtaining the information included in this report. Twenty
stratigraphic sections including the Jurassic sediments from Lupton,
Arizona, east to Correo, New Mexico, and from Fort Wingate, New Mex-
ico, south to Fence Lake, New Mexico, were measured. The outcrop pat-
tern and structure of the Jurassic sediments in an area of approximately
450 square miles lying between Grants and Gallup were mapped on a scale
of two inches to the mile. Detailed information on the uranium ore de-
posits of the Grants district will be presented in a separate paper.
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GEOGRAPHY AND GEOMORPHOLOGY

The Zuni Uplift in northwestern New Mexico, is situated
at the southwest corner of the San Juan Basin, directly southeast
of the Navajo Country. It is bounded by the McCarty syncline on

the east and the Gallup basin on the west. The Mount Taylor vol-
canic field lies almost entirely in the McCarty syncline and over-
laps only the eastern flank of the Zuni Uplift. The form of the

uplift is roughly that of an ellipse elongated in the northwesterly
direction; the area of strata visibly affected by diastrophism is

about 65 miles long and 40 miles wide.. The town of Gallup, New

Mexico, is located on the northwestern nose of the uplift and

Grants, New Mexico lies on the broad eastern flank of the structure.

The land forms of this area may be divided into four distinct,

concentric belts:

(1) An elongate, high rounded core of pre-Cambrian
crystalline and metamorphic rocks.

(2) A series of troughs and cuestas eroded in the
Permian and lower Triassic (?) red-beds,

sandstones, and limestones.

(3) A low, broad, alluvium-cavered plain formed in

the poorly resistant upper Triassic shales.

(4) An outermost ring of alternating sandstones and
shales of Jurassic and upper Cretaceous ages,

(Fig. 1) which have been eroded into a series of
steep, talus-littered slopes and precipitous

cliffs capped by resistant strata which form low-
angle dip-slopes.

The extreme eastern portion of the Zuni Uplift is in the

Basin and Range Province, characterized by somewhat folded
strata broken into complex blocks by major faults. The western

part of the Uplift is typical, physiographically, of the Colorado
Plateau Province - slightly dipping, virtually unfolded strata dis-
sected by deeply incised canyons. The intermediate area is trans-
sitional between the two.

The Zuni Uplift is roughly bisected by the Continental Divide

which curves sinuously along a general north to south line. The

mean elevation of the Uplift is about 7, 000 feet; the peaks of the
Zuni Mountains at the center rise to almost 9, 000 feet.

RMO-642 11
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Rainfall is directly proportional to altitude. The climate
is semi-arid, the annual rainfall amounting to but twelve inches.
The elevated core of the uplift supports an abundant growth of
ponderosa pine, aspen, fir, spruce, and scrub oak, while the
much larger, lower climatic belt surrounding the core sustains
a sparse mantle of juniper and pinon trees, sagebrush and salt-
brush, yucca and cholla cactus, and a meager cover of grass.

The principal industries of this region, in the approximate

order of importance, are cattle raising, irrigated carrot farming,

logging, and pumice and fluorite mining. The main line of the

Atchison, Topeka and Santa Fe Railway and U. S. Highway 66

follows the broad level valley cut out of the incompetent Triassic

formations in the area. The recent developments of uranium ore
near Grants may prove an important addition to the economic life

of this region.

STRATIGRAPHY

General

A generalized section of the rocks exposed in, and adjacent

to, the Zuni Uplift is shown in Figure 3.

The Jurassic sediments of the Colorado Plateau and the

adjacent areas of the Basin and Range Province were deposited in

broad continental basins and marine troughs of low relief which

fluctuated through time to produce a remarkably complex sequence

of sedimentational units. The difficulties of regional correlation

are increased by lateral intertonguings, rapid facies changes, and

gradational changes in sedimentation between major units. The

perplexity of the problem is increased by the almost complete ab-

sence of diagnostic fossils or diastrophic breaks between formations,

and by the thick mantle of Cretaceous and Tertiary sediments which

isolate local exposures of uplifted Jurassic rocks. Local highlands

are believed to have been important source areas for Jurassic sedi-

mentation throughout the Colorado Plateau.

The Jurassic sediments exposed in the Zuni Uplift were laid

down along the northern margin of a Jurassic highland which, for the

sake of convenience, can be called the "Zuni Highland. " The pro-

voking features of the sediments in this region include the great pre-

ponderance of sand deposition, the sharp depositional pinchouts of

fine clastics and precipitates to the south, and the rapid manner in

which eolian and sub-aqueous conditions seem to'have alternated.

12
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The Underlying Sediments

The upper Triassic Chinle formation underlies Jurassic sedi-

ments throughout northwestern New Mexico. In theZuni Uplift the

Triassic strata are about 1, 600 feet thick. On the basis of lithology
they can be divided into three major units.

(1) A basal, thick-bedded banded shale, approximately 500 to

850 feet thick, composed of alternating purple, dark-red,

and light gray bands with thin, discontinuous ledges of
limestone. The continuity of the shale strata and the fact

that the basal Triassic to the west contains identifiable

marine fossils suggest that this lowest unit may have been

deposited in a marine environment.

(2) A light buff, medium to c oarse-grained sandstone, 20 to

100 feet thick, containing some conglomeratic horizons
which weather into knobby, rounded cuestas in sharp

contrast with the enclosing dark shales. Deposition by
streams of considerable velocity which meandered over a

broad flood plain is implied by channel-type cross-bedding

and deep scours.

(3) The uppermost unit, about 850 feet thick, is composed of

mudstone of a characteristic cherry red color interbedded

with sandstone, siltstone, and beds of peculiar limestone

c onglomerate. This unit maintains its character from its

type section at Correo, New Mexico, to Fort Wingate, New

Mexico, a distance of about 100 miles. It is a continental
sediment of combined fluviatile and marine origin, for its

faunal and floral suites include a non-marine gastropod,
bone fragments, phytosairteeth, and the fresh water clam
"Unio". (19, Silver, C. , p. 73.)

These three major units were identified by Darton (6, pp 29-
33) as the Moenkopi, the Shinarump, and the Chinle formations. How-

ever, regional observations of the rate of thinning eastward of the

Moenkopi, and of the relatively fine-grained nature of what Darton
called the Shinarump conglomerate have cast doubt upon the validity of

his correlation. Dr. Clay T. Smith (personal communication) suggests

that the entire Triassic in the Zuni Mountain area may be the Chinle

formation.

13
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The Triassic - Jurassic Contact

The base of the Jurassic is placed at the top of the Chinle
formation but the absence of any visible angular unconformity has made

the precise location of this time line uncertain.

Along the north flank of the Zuni Uplift the Triassic -Jurassic

contact has been placed at the top of an odd, unfossiliferous limestone

conglomerate. This conglomerate crops out as a persistent ledge

approximately three feet thick capping the incompetent cherry-red and

maroon mudstones. The limestone has a mottled, nodular appearance,
the matrix is composed of dull red, fine-grained limestone, and the

rounded, light green nodules, one to two inches in diameter, generally
enclose angular fragments of blue chert, one-quarter to one inch in
diameter. Halos of tripoli around the chert fragments are visible in
places. Thin, discontinuous laminae of dark red shale are intercalated
with the limestone.

It is believed that this peculiar limestone was deposited toward

the close of the Triassic in a continental basin during a period of quies-
cence. Exposure of this lime stone to sub-aerial erosion is imailid by
the angularity of the chert grains and the coatings of tripOli sirown4tug
them.

The principal reason for placing the base of the Jurassic at the
top of the limestone conglomerate is one of convenience; the limestone
crops out boldly, whie the sediments directly above are rarely eipesed.
Five miles north of Wingate, New Mexico, fourteen feet ofl iuterstratified
calcareous maroon shale and argillaceous limestone overlie the limestone
conglomerate. These rocks might better be classified as a part of the

Chinle shale, and the base of the Jurassic drawn at a poorly discernible,
thin granular layer at the base of the overlying c oarse clastic.

Juras sic Overlap and the Tectonic Framework of Deposition

The "Zuni Highland, " a positive east-west structural element
which extended across what is now west-central New Mexico, was the
southern margin of the Jurassic basin (Map 6). The existence of this
highland is demontrated by the following features!

(1) All Jurassic formations thin progressively to the south.

(2) Grain size increases southward.

15
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(3) The clastic ratio increases rather rapidly southward
with the abrupt disappearance of all fine clastics and
precipitates.

(4) There is a vague suggestion of an increase in the angu-
larity of grains southward.

(5) The majority of fore-set beds dip northward. The de-
gradation of this land mass provided the bulk of Jurassic
sediment in this area, although cross-bedding indicates
that there may have been some contribution from the
north and west.

In the Lucero Uplift younger sediments transgressively over-
lapped older ones to the south (correlation diagram 4). Silver (19, p. 70)
states "The extension of finer clastic sediments southward above

coarser clastics suggests a recession of that source .... the trans-
gressive overlap relations of these Jurassic continental sediments are

not in keeping with the concept of terrestrial transgressive overlap of

deltaic or alluvial fan deposits upon a plain, valley flat, or basin floor.
Such overlap produces coarser-grained younger beds toward the margin

of the basin." Present work in the Lucero Uplift partially substantiates

the overlap described by Silver. However, it does not appear that the
grain size of successively younger sediments decreased. Precipitates

and fine clastics pinch out southward; the visible coarse clastics are

rather uniform in size, and apparent minor changes in grain size alter-
nate in vertical section. In fact, the coarsest Jurassic sediments

originally deposited in the Lucero Uplift area are the medium-to-coarse
grained, locally conglomeratic, Morrison sands, which are uppermost
Jurassic. Erosion of the upper coarse sandstones has obliterated the

depositional extent of the Morrison group. However, the Morrison

sands are coarser than, and, therefore, could not have been derived
from Jurassic or Triassic formations. Abundant feldspar grains, chert

grains, and biotite flecks within the Morrison sands strongly suggest
the derivation of Morrison sediments from pre-Cambrian crystallines
and Pale ozoic limestones exposed by the southward retreat of the "Zuni

Highland. " It is believed, therefore, that the Morrison group trans-

gressively overlapped the San Rafael group.

The Zuni-Atarque Uplifts depict a similar situation with the

exception that the Entrada sandstone overlapped the finer-grained

Carmel formation regressively rather than transgressively (correlation

diagram 2). The most provoking feature in this region is the abrupt

16
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depositional pinchout southward of all fine clastics and precipitates

at an east-west line which runs through a point about five miles east

of Gallup (correlation diagram 1). The Brushy Basin mudstone, the

Recapture Canyon silts, shales, and limestones, the Summerville

silts and shales, the Todilto limestone, and even the thin, subaqueous

units of the Entrada sandstone sharply terminated at this line and only

coarse clastics persisted southward. The sedimentary units enumerated

above range through most of the Jurassic section of this area. The im-

plication is that the form of the basin was remarkably consistent through

time.

A wide range of climatic conditions during the Jurassic is de-

monstrat ed by the frequent alternation of subaqueous and eolian units and

by the contrast between the arid oxidizing conditions, as suggested by

the red-beds of the Summerville and Carmel formations and the evaporites

of the Todilto formation, and the-humid reducing environment, as implied
by the abundant organic group. The variation in the type and amount of

sediment deposited during the Jurassic is ascribed chiefly to this wide
climatic variation.

The relative rate of uplift and destruction of the "Zuni Highland"
is believed to have been the chief factor controlling apparent regressive

and transgressive relations. The close of the Jurassic witnessed an ac-

centuation of uplift and a retreat of the axis of the Zuni geanticline s outh-
ward. The continuation and intensification of uplift during the lower

Cretaceous along the same approximate axis resulted in the truncation of
upper Jurassic sediments.

The Jurassic beds of the Colorado Plateau have been subdivided
into three groups. In ascending order, they are the Glen Canyon group,

the San Rafael group, and the Morrison formation.

The Glen Canyon Group

The Glen Canyon group comprises, in ascending order, the

Wingate, the Kayenta and the Navajo formations. The absence of diag-
nostic fossils has made precise age determinations difficult. The Glen

Canyon group can only be said to represent deposition during the lower

or middle Jurassic or both. The Kayenta and Navajo formations pinched
out eastward before the area under consideration in this paper was reached.

The Glen Canyon group, in this region, is represented only by a thin edge
of the Wingate formation which overlies the red shales and sandstones of

the Triassic.

17
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The Wingate Formation

The term "Wingate formation" was originally proposed by
Dutton (6, p. 137) in 1885. This designation is the oldest Jurassic forma-
tional name in the Colorado Plateau and was intended to include the en-
tire three hundred feet of massive, cliff-forming sandstone between the
Triassic shales and the Todilto limestone in the vicinity of Wingate
Station, New Mexico. Subsequent geologic expeditions have described
the heart of the Colorado Plateau to the north and west and have
established the existence of both a basal Jurassic cliff-former, which
was correlated with Dutton s "Wingate", and a younger, uniform, per-
sistent, cliff-forming sandstone which was named the Entrada sandstone.
The Entrada sandstone is by far the more pervasive of the two cliff-
formers and the term is used by the geologists on the Colorado Plateau
to designate the eolian sandstone which weathers into sheer, rounded
forms beneath the uranium ore -bearing Morrison formation. Many
uranium miners of the Colorado Plateau also employ the term Entrada,
or its pseudonym, "the slick rim".

A recent stratigraphic investigation (3, p.1 6 65) has established
the rather disturbing fact that the Entrada sandstone actually correlates-

with the Wingate sandstone at its type locality, Wingate Station. All
rules of priority in geologic nomenclature dictate that the term Entrada
sandstone be discarded. However, considering the popularity of this
term, it is perhaps better to redefine Duttonts "Wingate" by restricting

the application of this name at its type section to the basal forty feet of

orange, cross-bedded sandstone. This sedimentary unit correlates

with the basal formation of the Glen Canyon group which attains a maxi-

mum thickness of 1,200 feet in the Navajo C ountry at Bitlabito (13, p. 77).

The Wingate formation, as defined above, achieves a maximum

observable thickness of 100 feet in the Zuni Uplift at a point five miles

north of the Fort Wingate Ordnance Depot. This formation thins to 75

feet five miles southwest of the depot, and pinches out completely, s outh-

ward, between McGaffey and Ramah. In the Lucero Uplift, 35 feet of

Wingate sandstone is exhibited at a point six miles southeast of Acoma

Mesa. Depositional pinchouts occur southward between Paisano and the

Wilson Ranch and eastward between Ac oma Mesa and Correo (Map 6).
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Typically, the Wingate formation c onsists of orange to Light
buff, fine to medium-grained, sub-rounded, well-sorted, poorly cemented

thin-bedded, slabby, pure quartzose sandstone with scattered limonite-

coated and varicolored chert grains. Locally, the Wingate sandstone
weathers into vertical cliffs, but more generally forms a series of

rounded orange-colored knolls. It is believed that the Wingate sandstone

is chiefly eolian. Sweeping, concave, wedge-type cross-bedding is most

common. However, the local action of terrestrial waters as the final

agent of deposition is shown in the Lucero Uplift where the lower cross-

beds dip uniformly at a moderate angle and the upper four feet are tor-

rentially cr oss -bedded. Cyclic sedimentation in approximately five units

is also shown at this point.

The correlation of the Wingate sandstone, as known in the Zuni

UPlift, with the lowest 130 feet of observable sandstone at Lupton, Arizona,

in the Defiance monocline, is problematic. At Lupton, this basal sand-
stone forms a steplike cliff and exhibits the same lithologic character as

the Wingate sandstone in the Zuni Uplift. However, the rock weathers

darker and the extremely thin, parallel beds denote a subaqueous origin
under slight current. It may be that this sandstone represents the

Wingate formation and that eolian and subaqueous environments inter-
fingered to the east. It is also possible that the Wingate sandstone is
completely absent at Lupton and that the rock there is actually an upper

sandstone facies of the Chinle.

The top of the Wingate sandstone is usually marked by a one to

three foot zone of bleaching and reworking. This disconformity shows
slight local channeling and is in places surmounted by a grit layer an inch

or two thick.

The San Rafael Group

The complexity of facies change within the San Rafael group has
created confusion in the literature and has made regional correlation un-

certain, even at present. At San Rafael Swell, Utah, the type locality of

the San Rafael group, the constituent formations, in ascending order, are
the Carmel, the Entrada, the Curtis, and the Summerville. Other

formations of the San Rafael group include:

(1) The Bluff sandstone which gains its name from its ex-

posure at Bluff, Utah. This unit ... "tongues and grades
northward into the red shales of the Summerville" (4, p. 5).

Southward it overlies the Summerville.
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(2) The Wanakah formation which occupies the interval
between the Entrada and the Morrison in part of south-
western Colorado.

(3) The Todilto formation of northwestern New Mexico
which occupies the same approximate stratigraphic
position as the Curtis, formation.

(4) "The Winsor formation of central Kane County,
southwestern Utah, which may occupy the stratigraphic
position of the San Rafael group and the Morrison
formation" (4, p. 6).

The sequence of the San Rafael group in the Zuni Uplift, in
ascending order, is believed to be the Carmel, the Entrada, the Todilto,
the Summerville, and the Bluff formations. The thickest measured sec--
tion of the San Rafael group is in the Defiance onocline at Lupton,
Arizona, where the above formations aggregate 1,125 feet. In the Zuni

Uplift the San Rafael group has a maximum thickness of 820 feet five
miles northeast of Fort Wingate.

The Carmel 'Formation

The Carmel formation is the relatively thin, but persistent,
basal unit of the San Rafael group. This formation is calcareous and
gypsiferous in southwestern and central Utah. At Iron Springs, near

Cedar City, Utah, it is composed of about three hundred feet of typical
marine limestone which acts as the host rock for the iron deposits of
that district. Exposures of the formation in southeastern Utah and in

the northwestern corner of New Mexico reveal approximately one hundred
feet of interbedded sandstone and shale. Southward, toward the Zuni Up-
lift, the Carmel formation loses most of its shale and becomes a fine-
grained, silty sandstone. The age of this formation has been placed as
early upper Jurassic by its contained marine invertebrate fossils (4 ,p. 2).

Although the lithologic character of the Carmel formation initially
appeared rather vague, closer study showed it ot be one of the most dis-
tinctive formations in the Zuni Uplift. Typically, it is a dark pink to brown

very fine-grained, well-sorted, limonite-coated, very poorly parallel-
bedded, quartzose, silty sandstone. In places it chows mottling on a small
scale. It weathers to a knobby, vertically-fluted, blocky, steep slope and

may form cliffs. 'Six miles southeast of Acoma Mesa in the Lucero Uplift,
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the formation contains several remarkably persistent three-inch laminae

of argillaceous siltstone. Five miles southwest of Fort Wingate, 117

feet of buff, fine-grained, well-sorted, frosted sandstone which exhibits

wedge-type cross-bedding was observed between strata of typical Carmel.

The total thickness at this point is 260 feet. Five feet of this anomalous

eolian unit was noted in the same stratigraphic position two miles north

of Thoreau. Normally, the Carmel is 40 to 75 feet thick. This unit may

be explained as a local eolian basin-fill.

The Carmel formation tothe northwest represents the initial in-

cursion of the Sundance Sea. The red silty facies exposed in the Zuni

Uplift probably was deposited upon a terrestrial extension of the Carmel

basin by a braided network of stagnant streams.

The top of the Carmel is distinguished by a one to two foot zone

of leaching and reworking which is usually directly below a thin grit layer.

No angularity beyond a trace of channeling could be determined.

The Entrada Formation

The Entrada formation is also divisible into two major inter-

tonguing facies. In southwestern and central Utah, the Entrada has a red,
silty appearance. Throughout eastern Utah, western Colorado, and

northwestern New Mexico, the Entrada crops out boldly as a massive,

fine-grained, cliff-forming sandstone. "The Entrada pinches out against

the Ancestral Rockies in southwestern and central Colorado, and locally

contains basal conglomerates of igneous and metamorphic rocks where it

rests on the pre-Cambrian of the positive elements ... It correlates

locally with the Garo sandstone of Stark et al., Exeter sandstone of Lee,

and Dr. Bond sandstone of Forward, and the lower part of the Sundance

formation in central and eastern Colorado " (4, Craig and Holmes, p. 3).
The formation is 50 to 75 feet thick in the northern part of the Defiance

M onocline and thickens southward by interfingering with the underlying
Carmel formation (22, Wright and Becker, p. 609).

The Entrada sandstone is the most conspicuous formation along
the north flank of the Zuni Uplift. Its spectacular, precipitous cliffs,

sculptured forms, and deep red color attract even the casual tourist

traveling U. S. Highway 66. However, the use of color as a guide is mis-

leading in all sediments in this area, and least valid in the recognition of

the Entrada sandstone. The "characteristic" deep red color near Gallup
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changes eastward transitionally to an orange-brown near Prewitt, and

to a light buff near Grants. In the Lucero Uplift, south of Laguna, the
uppermost thirty feet of Entrada has a peculiar pale yellow color while

the lower portion is dark reddish buff. A zone of bleaching was every-

where noted in the Entrada below the T odilto limestone. This zone cuts

across bedding and its thickness appears to be in approximate propor-

tion to the thickness of the Todilto. The fact that the color of the Entrada
is not an essentially original feature is also demonstrated by the series

of thin, white, parallel bands which transect bedding. These bands are

tilted upto 35 to 800 with the beds, along the steep western limb of the

Zuni dome, and in the Lucero Uplift along faults. The present color of

the Entrada sandstone is probably due to variations in groundwater that

percolated through the sediments after deposition, but before early

Tertiary deformation.

The distinguishing characteristics of the Entrada sandstone are
its well sorted, frosted, subangular grains, and its huge, sweeping,

concave cross-beds which are segregated in wedge-shaped units. Para-

llel planes divided the Entrada into units 5 to 50 feet thick. Here and

there the parallel-bedded subaqueous members are interstratified with

this eolian sand. Despite the fact that cementation is only fair, the uni-

formity of the Entrada causes it to erode into characteristic rounded

shapes, such as pedestal rocks, and smooth, virtually unscalable cliffs.

The Entrada sandstone represents the initial regression of the
Sundance Sea. Far to the northwest, subaqueous silts and shales were

probably deposited later than the eolian and playa lake facies that are

shown in the Zuni Uplift. The Entrada sandstone reaches its maximum

thickness of 280 feet five miles west of McGaffey. The sandstone thins
depositionally both north and south. This local east-west basin is much

closer to the Zuni Highland than any other formational basin. It must be

remembered that an eolian sediment can migrate independent of gravity.

North of the south limit of deposition of the Todilto limestone

(Map 6) the top of the underlying Entrada is composed of bleached, fine-
grained, calcareous, parallel-bedded, or low-angle cross-bedded sand-

stone. This subaqueous stratum foretells the advance of the Todilto waters;

the contact between the Entrada sandstone and the Todilto limestone shows

slight channeling and consists of several inches to a foot of intercalated

calcareous sandstone and silty limestone. At the close of the deposition

of the Entrada, quiescence ensued and the precipitation of calcium car-

bonate increased. Limited regression to coarse clastic type deposition

is demonstrated by fine sand lenses above basal limestone laminae. It
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is extremely difficult to distinguish the contact between the Entrada
sandstone and the overlying Summerville and Bluff sands south of the
depositional limit of the Todilto limestone.

The Todilto Formation

The Todilto formation was deposited in an elliptical basin

which extended about 300 miles east-west and about 100 miles north and

south. It is composed of a lower, thin, extensive limestone member

and a central, more restricted, thick gypsum member (Map 6). The

Zuni Uplift extends across the southwest corner of what was the Todilto

basin.

Only the limestone member is exposed in the Zuni Uplift. A

maximum thickness of approximately 25 feet can be observed in the

vicinity of Haystack Butte in the northeastern part of the Uplift. The

Todilto limestone does not appear to have been deposited along the pre-

sent position of the southern and western part of the Uplift. Eastward,

the Todilto is obscured by the thick upper Cretaceous cover of the McCarty

syncline, but it appears again in the northern part of the Lucero Uplift,

near Laguna, where the limestone reaches a maximum thickness of 40

feet. To the north, the limestone is overlain by as much as 95 feet of

pure massive gypsum. Northeastward, the Todilto limestone and the

overlying gypsum are exposed in the Nacimlento Uplift, where the lime-

stone is ten feet thick; in the basins east of the Sandia Mountains, where

the limestone is three to five feet thick and the gypsum 60 to 80 feet thick;

south of Lamy, where the limestone is approximately ten feet thick; north

of Las Vegas, where the limestone is about ten feet thick; and eastward

along the Canadian Escarpment in eastern New Mexico, where the limestone

thins to a few feet and finally pinches out (6, Dartan, p. 34).

Traveling north from the Zuni Uplift, one can observe the

Todilto limestone along the Defiance M onocline. "The Todilto is present

at Lukachukai (3 feet thick), Bitlabito, San Ysidro, Navajo Canyon,

Sapello, and Durango where it is known as the Pony Express Beds" (13, p. 30).

"The thin discontinuous patches of limestone north of Red Rock mark the

approximate northern limit of the limestone facies. The shaly sandstone

and crinkled beds which overlie and replace the limestone can be traced

northward from the Carrizo Mountains by way of Red Mesa and Gothic

Wash to Bluff, Utah" (21, p. 959). The Todilto limestone is not recognized

west of the Defiance monocline (11,p. 2). The so-called "Todilto" of Kayenta,

Arizona is about Bluff in age and is therefore younger than the Todilto

originally proposed by Gregory (9, p. 55) from its exposure at Todilto Park,

New Mexico. The Todilto formation is obscured by thick upper Cretaceous

and Tertiary cover through the San Juan Basin. It is believed to correlate

with the Wanakah formation of the southern San Juan Mountains.
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The Todilto limestone of the Zuni Uplift is a dark gray, fine-

grained, dense, unfossiliferous, thin-bedded, platy limestone which
weathers into rubbly rectangular fragments. It has a strong petrol-

iferous odor on fresh fracture and contains scattered silt grains, dis-

persed pyrite in minute amounts, and locally includes traces of amber-

colored barite and purple fluorite. Chemical analyses show the lime-
stone to be composed of about 96% CaCO3 . Uranium ore deposits have

been found in the Todilto limestone in the Grants area and in the northern

part of the Lucero Uplift. The deposits occur as erratic yellow patches

of disseminated carnotite, tyuyamunite, and uranophane associated with
small amounts of pitchblende (Mineralogy by Gruner). A typical section

of the Todilb limestone in the Grants area is as follows:

Summerville Formation Buff, calcareous, silty sandstone
and limestone lenses

slight chaneling - - - - - - - - - - - - - - - - - - - - - -

Todilto Formation 3. 0' Gray, highly recrystallized "crinkly"
limestone with traces of manganese

oxides and hematite.

0. 5' Light gray, fine-grained, soft, silty,
gypsiferous limestone.

6. 0' Dark gray, very fine-grained (almost
lithographic) thin-bedded, dense,
platy limestone.

2. 5' Alternating thin interfingering beds of
dark gray, dense limestone and cal-

careous, silty sandstone. Slight
recrystallization toward the top.

slight- channeling - - - - - - - - - - - - -- - - - - - - -

Entrada Formation

The recrystallization observed in the limestone is believed to
have occurred during early diagenesis. The upper few feet of T.4Uts

displays a coarsely crystalline appearance throughout the Zuni4W Liaero
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Uplifts, where this limestone has been closely studied. The "crinkly"
bed appears to thin on the flanks and swell in the crests and troughs

of the penecontemporaneous folds (refer to section on contemporaneous

deformation); this phenomenon was not noted in folds of Tertiary age.

Recrystallization of the upper beds may be the consequence of a more
prolonged period of lithification, the action of circulating groundwaters

during diagenesis, or the decay of contained organic material which

caused the generation of CO 2 . The resultant solution and reprecipitation

of CaCO3 would have encouraged crystal growth.

The crenulations of the upper three feet of Todilto limestone
probably formed during diagenesis under the same forces that created

the large penecontemporaneous folds. It is believed that the original

calcareous mud crept down the primary dip under the weight of part of

the overlying Summerville. That movement was instigated by widespread

tremors is suggested by the fact that the Summerville formation, which

interfingers with the Todilto northeast of Lukachukai, also reveals

crunulations. In fact, the Summerville formation also displays corruga-

tion at this approximate time horizon far to the northeast in the San

Rafael Swell of Utah. The "crinkly" bed is present throughout the

southern bench of the old Todilto Basin wherever it has not been removed

by pre-Summerville or recent erosion. Deformation appears to have

been plastic and Gruner has suggested, on the basis of microscopic study,

that gliding took place along minute clay partings.

In the local areas the uppermost beds of the Todilto limestone
are believed to be clastic. Scattered examples of cross -bedding in the

upper portion of the formation can be seen along the northern flank of

the Zuni Uplift and flattened calcareoui pebbles and a suggestion of

ripplemarking can be found by diligent search.

The overlying Todilo gypsum is not exposed in the Zuni Uplift,
but outcrops of white, pure gypsum have been examined in the Lucero

Uplift. The gypsum attains a maximum thickness of 95 feet, weathers
a dirty gray and exhibits traces of contorted argillaceous laminae. About

one-half foot of dull, gray, dense, fine-grained limestone locally over-

lies this gypsum in the Lucero Uplift. The underlying limestone becomes

thinner, more platy, and more argillaceous as it approaches the central

gypsum member (Map 6).
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Although the Todilto formation correlates approximately with

the second marine incursion of the Sundance Sea, as represented by

the Curtis formation, it is believed that the Todilto limestone was pre-
cipitated in an isolated, asymmetrical, lacustrine basin during a period
of great aridity.

The regional thickening and lithologic changes of the Todilto
limestone suggests that the thick gypsum member was deposited in the
sink, or deepest part, of the Todilto basin. Isolation of this basin from

the Curtis Sea is indicated by the fact that the drainage of the basin along

the present Arizona-New Mexico line was to the east, whereas the Curtis

Sea transgressed southeastward and drained to the northwest. The con-

cept therefore is that of a period of general land subsidence. A marine

trough developed to the northwest, but was isolated by a highland from
the broad, shallow terrestrial Todilto basin.

Asymmetry of the Todilto basin is suggested by the fact that the

Todilto limestone increases gradually from a feather edge to about 25 feet
in thickness eastward from Fort Wingate to San Mateo, a distance of 50
miles. On the other hand, along the south flank of the old Todilto basin

near Correo, the limestone increases from a few inches to 40 feet in

thickness in the space of a few miles. It then disappears under 80 feet

of massive Todilto gypsum. The exact manner in which the gypsum thins

could not be determined because it is concealed by younger sediment.
However, the gypsum must decrease from a maximum of 95 feet to no-

thing within two miles.

Despite Dartonrs report of the finding of a fossil fish of "marine
affinities" within the T odilhb- the writers consider the Todilto limestone to

be lacustrine for the following reasons:

(1) This thin limestone is included between two anomalously
thick, pure, coarse clastics. The sands of the Entrada

below were deposited under eolian conditions which alter-
nated locally with playa lake environment; the Summerville

above is believed to be fluviatile in origin. The transitional
nature of deposition of all three formations is best seen at

the pinch-outs north of Fort Wingate and southeast of Acoma

Mesa. The Todilto at these points consists of a few one

inch lenses of dense, gray, silty limestone interstratified

with fine-grained calcareous sandstone. Any contact drawn

at these points is completely arbitrary. North of Fort

Wingate, the T odilto horizon may be followed about two
hundred feet past the western limit of deposition by a thin

line of rounded chert pebbles which have been cemented by

calcite.
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(2) The complete absence of megafossils in a marine lime-
stone is rather rare. On the other hand, Dr. Swain of
the University of Minnesota has identified ostracods from
the T odilto and has come to the conclusion that these
microfossils lived in a fresh water or brackish-water
environment, but certainly not in a marine environment.

Gregory described dinosaur tracks in the Todilto near
Navajo Canyon (9, p. 56).

(3) The virtual absence of shale below, above, or within the
Todilto limestone and the continuous but thin nature of the
beds are points against the concept of a marine origin.

It is realized that CaCO3 and CaSO4 usually precipitate from
sea water in that order. However, it is believed that the same sequence
could be deposited from lake water if the concentration became high
enough through continual contribution from the surrounding terrane and
continual evaporation. The arid conditions are suggested by the inter-
fingering relationship with the underlying Entrada dune sands.

The Summerville and Bluff Formations

The use of the terms Summerville and Bluff for the uppermost
units of the San Rafael group is questionable. Hoover (13, p. 77) states

"A new name, the Red Mesa, is here introduced for the crinkly shale
and sandstone beds, one-hundred feet in thickness, between the Entrada
and the Bluff member ....... The Red Mesa is about the same age as
the Summerville, but its lithologic characteristics and color are wholly
unlike those of the Summerville and it is definitely separated from the
Summerville.......The Bluff loses its massiveness southward and grades
into the upper part of the Red Mesa."

The known Jurassic along the Arizona-New Mexico border is
limited to the Defiance monocline which trends north-south. If one

assumes a configuration for the Summerville basin similar to that of the
Todilto basin, but displaced slightly north, (the two basins are gradational
in the Zuni Uplift) a correlation down the Defiance monocline may not be

the best method of approach. If the configuration of the basin remained
reasonably constant, the trend of the Summerville shore-line in the four-
corners area would have been northwestward, at 45 to the axis of the

Defiance monocline. Correlation down the Defiance monocline would take

one closer to the source and the same facies changes evident in the Zunis
would be expected. Wright's "ruled sandstone shale facies" at Lukachukai

27



RMO-642

would be then brought. southeastward under the Cretaceous cover of
the San Juan Basin to the point northeast of Fort Wingate where one
again observes the interfingering of a ruled, silty, shaly, sandstone
facies that lies directly above the Todilto, with a banded, horizontally

fluted massive sandstone above. The distinct nature and sharp contact

between these two sedimentary units becomes increasingly apparent as
one progresses deeper into the upper San Rafael basin, eastward along
tlee Zuni Uplift and into the Lucero Uplift. The similarity of lithologies,

the analogous facies shanges, the corresponding position of those facies,
above an approximate line, the Todilto limestone, and the evidence that

the basin probably curved to the southeast have served in correlating the
Summerville formation of the Zuni Uplift. The correlation of the Bluff,
in its type-locality, the village of Bluff, Utah, with the thick, massive,
horizodblly-fluted sandstone of the Zuni Uplift is more tenuous. The
source areas were quite different and the correlation is based on lithol-

ogy and the fact that in both areas the Bluff displaces the Summerville
toward its source. For this unit, Harshbarger (l1, p. 2) has introduced
the term Cow Springs phase, after a type section at Cow Springs, Ari-
zona. Based on an increase in the clastic ratio toward the southwest
this again implies a source area to the southwest. Harshbarger (1,p. 3)
states, "This member," (the Recapture Creek shale member of the
overlying Morrison formation, "grades laterally into and intertongues
with the sandstone near Cow Springs. " Present work in the Lucero and
Zuni Uplifts suggest that the term "phase" is well employed by Harsh-
barger. The same intertonguing with a lower formation of the San Rafael
group below and the basal Morrison formation above was observed by the
writers.

In the Zuni Uplift area, the Summerville formation attains a
maximum thickness of 185 feet at a point along the road from Grants to
San Mateo (Map 4). It consists of interstratified, red-brown to light
green and white, fine-grained, parallel-bedded, banded sandstones, silt.
stones, and shales. It has a mottled appearance and generally weathers
into a steep, talus-littered slope with occasional knobby outcrops. The
basal ten feet of the formation are highly calcareous and contain lenses
of lime stone almost identical with the Todilto in lithology. This lowest
portion of the Summerville often exhibits severe contortion (refer to
section on the Todilto limestone).

The overlying Bluff sandstone has a maximum thickness of
625 feet at a point four miles east of Gallup, New Mexico. Character-
istically, it is composed of light green to white to light buff, fine -grained,

extremely massive,, color banded, fairly well-sorted, sub-angular sand-
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stone with occasional light green silty argillaceous beds. The most
distinguishing feature of the Bluff sandstone in this area is its faint
but regular parallel units, which have been accentuated by erosion.
Actually, the individual units are sometimes regularly cross-bedded
at low angles. Local units in the southern part of the Zuni Uplift re-

veal torrential-type cross-bedding. Ten foot units which show cyclic
sedimentation were examined along the northeast flank of the Zunis.

The Bluff weathers into blocky, vertical cliffs that in places are

steeper than cliffs o f the Entrada.

South of the Zunis, near Atarque, the Bluff rests discon-
formably upon the carmel with a basal conglomerate between the two.
To the south the color changes progressively from pale green to light
red. It is believed that this color change was caused by the transition

toward the source from a reducing atmosphere to oxidizing environment.

The Summerville and Bluff formations represent deposition
during the final regression of the Bundance Sea. These formations are
believed to have been deposited by fluviatile action on a b read flood-
plain of low relief. The Summerville represents a faces farther front

the source than the Bluff and more closely related to the Todilto basin.
The remarkably uniform sediment, 625 feet thick, deposited near Gallup
suggests a constancy of environment and a uniform subsidence of the
Bluff basin.

The Bluff sandstone, or Cow Springs phase, intertongues and
grades laterally into the basal member of the Morrison formation, the
Recapture Creek shale. Southward and eastward, where the Bluff is
directly overlain by the Westwater Canyon sandstone, no angularity
could be observed, but the contact between the fine sand below and the
coarse sand above is quite distinct.

The Morrison Formation

The term Morrison formation has been applied to a lithologic
unit that includes all terrestrial Jurassic Sediment deposited after the
San Rafael group but prior to the Dakota (?), throughout an area of
350, 000 square miles (21, p. 953). The name was proposed by Eldridge
in 1896 after the type-section at Morrison, Colorado, just west of Denver,
where it consists chiefly of variegated shales. The Morrison formation
has been subdivided into four generally accepted members: the Salt Wash,
the Recapture Creek, the Westwater Canyon and the Brushy Basin. The
basal Salt Wash member, the principal uraniutn ore-bearitig bed of the
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Colorado Plateau, pinched out near Lukachukai and is not present in
the Zuni Uplift. The other three members are well displayed in the

Zuni Uplift, although the exact contacts between them are indefinite.

Nomenclature is based, rather, upon the proportions of silt, sand, and

mudstone, or on the dominance of a characteristic sedimentary feature.

The Morrison formation in the Zuni Uplift has its maximum

thickness of 396 feet north of Fort Wingate. It thins rapidly to the south,

partially as the consequence of deposition, but chiefly as the result of

lower Cretaceous erosion, and cannot be found along the southern portion

of the Zuni Uplift. At Lukachukai, Arizona, northwestward across

the northern flank of the San Juan Basin, the Morrison is 650 feet thick

and consists, from top to bottom, of 150 feet of sandstone, 250 feet of

grit, and 250 feet of sandstone (22, p. 6 1 0 ).

Northeast of the Zuni Uplift, 100 to 200 feet of Morrison crop

out along the north flank of the Lucero Uplift. Morrison shales have

been identified by Darton (6) in the basins east of the Sandia Mountains,
where they are about 100 feet thick, and as far east as the Canadian

Plateau where variegated shales and thin sandstone reach a thickness of
200 feet.

The Recapture Creek Shale Member

The Recapture shale in the four-corners area shows approximately

the same tongue -like outcrop configuration as the T odilt o lime stone, but

extends farther northwest into Arizona and crops out on the north side of

the San Juan River.

The Recapture shale attains a maximum thickness of 142 feet

ten miles north -of Grants, New Mexico, along the eastern flank of the

Zuni Uplift. It thins westward and grades laterally into the Bluff formation
below and into the Westwater member of the Morrison above, near Fort

Wingate. It is not present south of the Zuni Mountains. Eastward, this
member is 140 feet thick in the vicinity of Correo, in the Lucero Uplift,

but it is directly overlain at this point by the Dakota (?) formation and

may once have been considerably thicker.

The Recapture shale member consists of interstratified, red-
brown, chocolate-brown, light green, and white siltstone, shale, and

fine-grained sandstone, a few ribs of coarse-grained channel sands, and

mottled red and green thin dense, unfossiliferous limestone beds. It
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usually produces a steep, decrital-covered slope, or, where the slope
is clean, a knobby, color-banded, ribbed appearance. In places it
weathers into badlands with balanced rocks, pedestal rocks, and
wierdly-shaped pinnacles.

The base of the overlying Westwater member is drawn at the

lowest major coarse-grained channel sand.

The Westwater Canyon Sandstone Member

The Westwater Canyon sandstone member of the Morrison

formation was proposed by Gregory (10, p. 59) from the type-section
south of Blanding, Utah. It has about the same regional distribution

as the underlying Recapture shale.

The Westwater sandstone attains a maximum thickness of 277
feet north of Fort Wingate. It thins eastward depositionally, and west

and south by lower Cretaceous erosion. The lithology of the Westwater
sandstone is unlike that of any member of the San Rafael group. It con-

sists of light red to buff, medium- to coarse-grained, poorly-sorted,
sub-angular sandstone with occasional conglomeratic horizons which

contain rounded, flattened clay galls and boulders up to two feet in dia-
meter, pebbles of chert and fine -grained igneous rock, and silicified
and carbonized logs and wood fragnients.

In the Grants area carnotite-type uranium ore deposits are
found in the upper Westwater and the Brushy Basin members associated
with organic material. Ex tremely rich but small uranium deposits have

been formed by replacement of carbonized wood; but silicified logs in

the same vicinity are comparatively barren. That silicification occurred
during diagenesis is demonstrated by the inclusion of silicified wood
fragments with rounded forms in the overlying reworked basal zone of
the Dakota sandstone. In its fibrous state, the log could not have been
preserved in this manner. The larger, more important ore deposits are
associated indirectly with organic material. The carnotite and schroeck-

ingerite impregnate the grains and form films on clay galls. Thin, dis-

continuous, dessicated green mudstone beds appear to have exerted an
important c ontrol upon the percolation of solutions.

Cross-bedding is, perhaps, the most striking feature of the
Westwater sandstone. Channels have been superimposed on each other in
haphazard variety. However, detailed study of the cross-bed, log, and
uranium "roll" orientations in the vicinity of Haystack Butte clearly indi-

cates an easterly stream movement at that point. Gradational bedding

31



R MO-642

from conglomerate to fine-grained sand and even mudstone is evident
in individual units and in the Westwater member as a whole. The

Westwater weathers into steep, rounded cliffs ad benches. The top

of this member is brown at the base of the first thick mudstone.

The Brushy Basin Shale Member

The Brushy Basin is by far the most widespread member of
the Morrison formation. The type section near Denver, the various

localities in Utah and even in the Black Hills of South Dakota, all dis-
play the same distinctive light green, variegated, bentonitic shale.

The Brushy Basin is the most prolific dinosaur horizon in the

United States. But despite the abundant vertebrate remains the age
determination of the Morrison has been based on stratigraphic, rather

than on paleontologic evidence.

In the Zuni Uplift, the Brushy Basin has a maximum observable

thickness of 130 feet, and thins westward as the result of both deposition
and lower Cretaceous erosion. Typically, the Brushy Basin consists of

pale green, incompetent, gypsiferous mudstone, with buff, fine- to

coarse-grained, channel-type sand lenses containing mudstone galls and
laminae, and relict feldspar grains. It weathers to a steep slope littered

by huge talus blocks of Dakota(?). The sand lenses are lithologically

identical with those of the underlying Westwater. Complex, basal and
lateral intertonguings between the Westwater and Brushy Basin are com-

mon throughout the northern portion of the Zuni Uplift.

The upper part of the Westwater sandstone and the entire Brushy

Basin appears, on the following evidence, to have had much sediment
contributed to them by pyroclastic action.

(1) The presence of a profusion of angular feldspar grains
which vary from vitreous to completely kaolinized.

(2) Relict biotite flacks.

(3) Fragments of igneous rock.

(4) The presence of bentonitic mudstone.

(5) The presence of volcanic shards (C. T. Smith, personal
communication). The effects of vulcanism were widespread.

"A sample of shale taken from the unit at Cedar Mountain,

Emery County, (northwestern) Utah, contained fragments of
hematite, zircon, plagioclase, biotite, and quartz" (21, p. 964).
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The Morrison formation is believed to have been deposited by a
network of braided streams, rivers and ephemeral lakes widespread over

a plain of almost no relief. Sedimentation is believed to have occurred

chiefly during times of flood. The coarser clastics were probably de-
posited in channels contemporaneously with the muds which were carried

over the banks in suspension. The concept of deposition in a swampy,
littoral environment following the retreat of the Sundance Sea to the

northwest, is questioned. Cross-bed, log, and ripple mark orientation

and clastic ratio data throughout the Colorado Plateau, although somewhat

complicated by local sources, indicate a general eastward direction of

flow. The red beds of the Recapture and the gypsum of the Brushy Basin
suggest aridity at the site of deposition. Possibly the organic material

floated in from the lush highlands far from the final locus of deposition.

The Ancestral Rockies were probably a major source for the sediments
of the Morrison formation.

Angularity between the Brushy Basin and the Dakota can seldom
be seen in the Zuni Uplift. However, the Dakota(?) truncates progress-
ively southward the older sediments (refer to section on the lower Creta-

ceous Uplift). The contact between the Brushy Basin and the overlying
Dakota(?) is drawn at the base of the buff, medium-grained, locally con-
glomeratic, limonitic, thin, but remarkably extensive, extremely blocky

and resistant, cliff-forming sandstone. This sandstone is an important
mesa and dip-slope forming unit in the Zuni Uplift, as it is throughout
the Colorado Plateau. Where the sandstone member does not rest directly
upon the Brushy Basin, the Jurassic Cretaceous contact is drawn at the

base of the black, fissile, carbonaceous, coal-bearing shale which in
places underlies the sandstone. The Dakota(?) formation is believed to
have been deposited under littoral conditions during the initial incursion
of the upper Cretaceous sea.

STRUCTURE

Folding

Regional Folding: The Zuni Uplift is in general form a broad,
flat, asymmetrical dome elongated in a northwesterly direction. The

disturbed strata cover an area of about 2000 square miles, approximately

65 miles long and 40 miles wide. The dips along most of the western
portion of the anticline are steep, reaching a maximum of 80* near

McGaffey. Elsewhere, With the exception of local sharp flexures along
faults, the dips are gentle. The Nacimientos, the Luceros, the Sandias,
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and monoclines of the Gallup basin all have steeply dipping western
limbs. Although the structures of the Zuni Uplift are essentially the
result of vertical uplift, there has probably been a regional compres-

sion from the east. The abrupt change in dip of the Jurassic rocks
about three miles northeast of Gallup on the northwest nose of the

Zuni anticline illustrates this asymmetry. At this point, despite the
distance from the cetiter of the structure and the absence of visible

faulting, the western flank of the uplift dips 35* west, while at a point

one-quarter of a mile away, the northeastern limb dips but 2 north-
east.

The highest point in the uplift, both topographically and
structurally, is Mount Sedgwick. The pre-Cambrian rocks of this

peak jut above the surrounding terrain to an altitude of approximately
8, 900 feet. The lowest point structurally is at the center of the McCarty

syncline. The calculated structural relief of the Zuni 'Uplift is 6, 600 feet.

Geologic Period Thickness of Sediment (feet)

Cretaceous 600 at the center of McCarty syncline
Jurassic 1,100
Triassic 1,500
Permian 1,1000

Lower Paleozoic negligible
pre -Cambrian unknown

4, 200 feet stratigraphic relief
2,400 feet topographic relief
6,-600 feet structural relief.

In contrast to the pronounced structural relief of the Zuni Up-

lift, the bounding basins are warped rather gently. The structural relief
of the Gallup basin to the west is a maximum of but 3, 000 feet while the

McCarty syncline on the east has a relief of only 600 feet near the Zuni
Uplift and is depressed structurally about 1, 500 feet under the Mount
Taylor volcanic field to the north. Both basins plunge northward; the
Gallup basin trends approximately N 20* W and is bounded on the west
by Defiance monocline. The McCarty syncline trends about N 20 E and
is bounded on the southeast by the Lucero Uplift and on the northeast by
the Nacimiento Uplift.

Local Foldsn : A number of minor structures genetically re-

lated to the Zuni pfltwere observed. They were mapped in detail where
they affected the Jurassic rocks along the norther flank of the uplift, but
were only reconnoitered to the south.
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A broad monocline north of Coolidge, New Mexico was traced
for approximately eight miles. This is a longitudinal fold as its axis
trends approximately N 450 W, parallel to the Zuni axis, and plunges
with the Zuni anticline to the northwest. (Map 2) In conformance with

expectations, the increment in dip above the regional dip (5 NE) is to

the northeast and the sediments to the southwest are structurally ele-
vated. A reduction in dip at two points on this monocline, the results,
possibly, of slight transverse downwarping, has produced bulges to the
southwest in this broad structure. The habit of folds in this district
implies that this monocline may well be the structural adjustment of a
fault below and that the cross-folds are the consequence of cross-faults

at depth.

The regional dip of the Jurassic rocks along the northern
flank of the Zuni Uplift is about two to six degrees towards the north. To

the southeast the dips are more toward the east. Local drag along faults
produced some anomalous dips. The magnitude of these monoclines and
the amount of inclination of their limbs is approximately proportional to
the dip slip of the fault. As the faults were followed northward, higher
into the structure, it was observed that they graded into monoclines or
shear zones or combinations of the two.

The Zuni fault, two miles east of Chavez, is one of the major
faults of the Zuni Uplift (Map 3). Its downthrown western block is inclined

more than 300 to the west and related flexures are evident for as much
as one-half mile to the west of the fault. The Bluewater fault, which also
caused pronouneed folding, is six miles west of and parallel to the Zuni
fault.

A broad syncline trending approximately N 50 E and broken
along its axis by a fault of about 250 feet displacement is followed by the
San Mateo Road (U. S. 53) (Map 4). This is a gentle transverse fold on the
northeastern nose of the Zuni Uplift.

Three miles north of Grants major drag-folding has been caused
by a fault of approximately 300 feet displacement, trending N 20W. A
syncline of approximately 100 feet structural displacement trending N 70 E
and plunging east, cuts both the fault and the regional dip at this point.

A prominent minor structure is shown in the Permian rocks
south of Bluewater, New Mexico. According to Darton (5), "The long
crooked canyon of Bluewater River is excavated in a monocline of the Chupa-
dera formation" (Now called the San Andres formation of the Chupadera

Group).
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The pre-Cambrian core is separated into three areas of out-
crop by enclosing Permian rocks. An area of about three square miles
of pre-Cambrian rock outcrops as a ridge surrounded by a trough of Abo

red beds, encircled, in turn, by a cuesta of steeply dipping basal Yeso
(Permian) sandstone. This local dome near Mc Gaffey is approximately
17 miles northwest of the main exposure of the basement complex. The
intervening area must, therefore, be a syncline which has been super-
imposed upon the axis of the Uplift. The third area of pre-Cambrian out-

crop is approximately three miles northwest of the main pre-Cambrian

exposure: it and a Permian capped ridge to the northeast are also the re-
sult of local doming. It may be observed that the core of the Zuni Uplift
reflects two bulges similar to those described in the Jurassic rocks
along the north flank of the uplift. It may be that the cross -folding de-

scribed at the beginning of this section was more intense at the core of
the uplift and that these structures extend across the Zuni anticline. The
exact nature of these and other flexures which affected the older rocks,
was not ascertained as their description would have entailed work in an
area and on formations far removed from the scope of this paper.

Primary Folds Contrasted with Minor Diastrophic Folds

A great number of small anticlines exist in the Jurassic rocks
of the Zuni and Lucero Uplifts. These structures are from 25 feet to a
few inches across and are oriented at random with respect to the Uplifts.

They are confined almost entirely to the Todilto limestone and the basal
silts and fine-grained sands of the overlying Summerville formation. They
are usually asymmetrical and die out rapidly below and gradually above.

Some of these folds have affected the entire thickness of the Todilto, the
basal Summerville, and the upper foot or so of the underlying Entrada
sandstone. Others are localized in a single horizon of the Todilto lime-
stone. These folds fail to show more pronounced fracturing than the flat-
lying rock surrounding them despite the fact that, in places, they may be
recumbent and in small scale, may exhibit even more extreme contortion
(Fig. 5 !). Flowa-ge is demonstrated by the fact that the limestone has
been thickened at the crests and troughs of the folds and thinned on the
flanks.

The above description sugge sts that these minor anticline s are
penecontemporaneous with the sediments which contain them. Flexures
related to the Zuni Uplift differ from these primary folds in the following

respects:

(1) They have a remarkably uniform pattern which can
easily be related to the Uplift.
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(2) Minor anticlines related to Zuni diastrophism (chiefly
faulting) have corresponding synclines; they are not
merely elongate bulges. In many cases, the synclines
associated with drag along a fault are more pronounced

than the monocline adjacent to the fault zone.

(3) These folds are not localized in a thin stratigraphic
horizon, but are present in all rocks, although the

competence of the individual strata controlled and

modified their intensity.

(4) Minor folds associated with the Zuni Uplift are essen-

tially symmetrical, display intense fracturing along
their axes, and do not show visible flowage.

These last features and the dominance of rupture over flexure
suggest that during the period of Zuni deformation the sediments were
already lithified, but under relatively light load.

Primary folds in this region are believed to be due to creep of

the unlithified Todilto limestone down a gentle slope toward the basin under
the weight of the overlying Summerville- silts and sands. If the Todilto
limestone had been exposed to air, lithification would have been impossible.

However, except for local channeling, the deposition of the Summerville
formation appears to have been transitional with the precipitation of the

Todilto limestone; both are subaqueous in origin and, therefore, no rapid
water loss and consequent hardening is believed to have occurred.

Other primary structures, limited, in this case, to the Summer-

ville and basal Bluff formations, are the sandstone pipes of this district
(Fig. 6). The Summerville and basal Bluff formations are well-bedded,
parallel-bedded clastics. The continuity of bedding is terminated abruptly
at minor fault planes which enclose the massive "sandstone pipes". Traces
of contorted stratification are in places visible within the pipe. The fact

that these blocks are always grabens is demonstrated by minor downward
drag along the irregular fault planes which bound them. The beds of the

Bluff sandstone overlying these pipes are perfectly flat and continuous.
It is probable that these sandstone pipes were formed by the slumping of
blocks of poorly consolidated sandstone along planes of weakness which
developed during diagenesis. It is possible that these penecontemporaneous

structures are related to the primary folding in the Todilto limestone.

39



Buff fm white
fine -groined ss

poorly parallel bedded

Summerville fm
alternating sand-
stone 8 siltstone

White fine grained
sandstone

FIG 6 DIAGRAM OF A SANDSTONE PIPE
SCALE I"= 6' HORIZONTAL

I"= 6' VERTICAL
NOTE: THE APPARENT IRREGULARITY OF THE LEFT SIDE OF THE

PIPE IS DUE TO OUTCROP PATTERN

0



R MO-642

A detailed analysis of minor folds was undertaken in February

of 1952 when it was found that it presented a weak conjugate pattern which
could be visually related to Zuni diastrophism. All minor folds mapped

in the Todilto previously were plotted in individual sheets according to

their location. The statistical plot obtained in this manner was transposed

to a 2 inch to 1 mile map of the northeast portion of the Zuni Uplift. The
information gained through the fracture study undertaken by Mr. Gilkey

and Dr. Bucher, and the detailed mapping of the AEC was consolidated.

It was then possible to draw a line along the outcrop of the Jurassic sedi-

ments that was approximately normal to the direction of bending at any

point. This line should be parallel to the major joints and faults at that
point and should align with the axis of any fold of the vicinity. This line
usually swings with the regional strike where transverse structures

assume major importance. A graphic, continuous, generalized picture

of the variation in the structures created by Zuni diastrophism is portrayed
by this "line of bending".

The following generalizations are based upon detailed mapping
of areas of uranium deposits in the Todilto limestone and the evaluation of

that information in the manner described above.

1. Minor folds in the Todilto present a strong, right angle, con-

jugate pattern in some areas. Areas in which the axes of folds appear

to be randomly oriented bften display a vague but similar pattern when
plotted statistically.

2. The axes of one series of minor folds appears to be parallel
to the"Line of bending", at that point, while the other is perpendicular to

it. The conjugate pattern of minor folds also swings, in a general manner,
with the Zuni Uplift.

3. The crests of several minor folds are fractured by longitudinal
and transverse joints and, two folds mapped appear to be the result of drag

created by minor displacements along high angle normal faults.

4. Slickensides along bedding planes in areas of minor folding
appear to result from slippage between beds.

The evidence enumerated above strongly suggests that the so-
called "primary" folds are, in reality, unusual structures created by slip-

page between the competent Entrada and the competent upper member of

the Summerville. The intermediate, incompetent, thin, variable Todilto

limestone and basal Summerville responded to differential stress created
during Zuni Uplift by flowage.
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Faults

Minor adjustments within the Zuni Uplift appear to have been

accomplished chiefly by rupture. West of the Zuni fault (Map 3) only

four minor, en echelon, eastward-striking faults of not over 20 feet ver-
tical displacement were observed (Maps 1 and 2). East of the Zuni fault,
however, thirty-two distinct faults were mapped, varying in vertical dis-
placement from 5 to 570 feet (Maps 3 and 4). The fault pattern appears
to conform with the theory of vertical uplift, and the following generaliza-
tions may be made:

(1) The faults displacing the strata in the northeastern part of
the Zuni Uplift display two general trends approximately
normal to each other; a lineation slightly west of north and
a lineation somewhat north of east. The strata in this area
dip about 5 in a N 70 E direction. Therefore, one set of

faults is approximately parallel to the axis of maximum
flexure and the other set is normal to the axis. Dr. Bucher
and Mr. Gilkey (personal communication) who have made a
detailed study of the fracture pattern of the Zuni Uplift, have
suggested that these faults are a result of tensional stresses.
A series of longitudinal or strike faults was developed and
the blocks so created were broken by transverse or dip faults.
Dr. Bucher pointed out that if these faults had been the result
of shear stresses, the angle between them would have been 60
instead of 90 (I. E. 60 in a horizontal plane, or 60 between
dips).

(2) Six fault planes were traced for some distance along their
strikes and all six proved to be high-angle normal faults.

(3) The lineation of the fault system is quite regular, but the
pattern of movement along fault planes is rather enigmatic.
Eleven of the eighteen definite dip faults in the northeastern
part of the Zuni Uplift were downthrown to the northwest, or
toward the major Zuni and Bluewater faults. There seems
to be a faint tendency for faults in the eastern portion of this
area to be downthrown toward the McCarty syncline (Map 4).

Four of the seven definite strike faults are downthrown to the
north or away from the center of uplift. These statistics
suggest that faults have resulted from both the uplift and from
subsidence after the uplift.
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(4) Subsidence is implied by a number of small grabens and
by normal step faults with the downthrown side to the north
along planes previously developed by uplift.

(5) The contemporaneity of faults, folds, and joints is suggested
by a close alignment of these structures and by the fact that
faults in places pass into folds above, and into shear zones
of negligible displacement laterally.

As the Zuni and Bluewater faults are the major faults in this
area, they are worthy of individual consideration. The zuni fault is
traceable for about thirty miles. It is visible at a point about eight miles
southwest of the town of San Rafael, where it has brought the Chupadera

Group on the east down into contact with the Abo formation. From this
point, the fault trends N 25. W. It forms the straight eastern side of
the Bluewater Reservoir where it strikes N 10 E, dips vertically, and
displays a strong pattern of slickensides and mullion, plunging 20 north
on the polished fault plane. Pronounced fracture cleavage (N 40 E--90)
abuts the fault plane. The eastern block has a dip slip upward of about
100 feet, a strike slip to the south of about 275 feet, or a net slip of about
300 feet. Southward, the Zuni fault possesses the character of a longi-
tudinal fault. Where it bounds the pre-Cambrian core, the basement
complex to the west has been brought up into contact with the Chupadera
Group. The Zuni fault is rotational with its fulcrum (point nf zero dis-
placement) probably a few miles south of Bluewater Reservoir. Northward,
the Zuni fault, as such, dies to the west. Northward, this parallel struc-
ture curves gently to the east despite the fact that the uplift curves sharply
to the west. Where the Zuni fault displaces the Jurassic rocks along the
Chaco Canyon Road (U. S. 56) (Map 3), the curvature from longitudinal to
transverse orientation is almost complete.

The Bluewater fault (Map 3) shows the same approximate con-
figuration as the Zuni fault. The eastern block of the Bluewater fault,
however, has been downthrown, and locally, a parallel fault, downthr own
to the west, has formed a graben in conjunction with the Bluewater fault.
Fault displacement in Jurassic formations decreases northward from 570
feet to 250 feet in a distance of three miles. The Bluewater fault derives
its name from the fact that it transects the mouth of the serpentine Blue-
water Canyon where it forms a prominent fault scarp.

43



RMO-642

Fractures

Mr. Gilkey, under the direction of Dr. Bucher, is preparing
a thorough analysis of the fracture pattern of the Zuni Uplift which re-

ceived cursory attention in the present study. Initial impressions, de-
rived chiefly from discussion with Mr. Gilkey, and from a study of his

joint map, are:

(1) The joints present a regular pattern; the conjugate joints
swing in c onformance with the Zuni Uplift and in many cases
depict the general strike of the Uplift at a given point. The
joints and faults seem almost always to be tensional, normal
to the bedding. Oblique shear fractures, dipping about 65 ,
accompany these tensional cracks locally.

(2) The major fractures in the pre-Cambrian, including those
mineralized by fluorite and copper, conform with joints
developed in the adjacent sediments.

(3) The joints mapped by us and by Mr. Gilkey in the north-
eastern portion of the Zuni Uplift are oriented with the faults

mapped in that area.

(4) All tectonic structures in the sediments seem to be reflections
of greater faulting in the crystalline basement.

(5) The joint pattern aid the configuration of the Zuni anticline
suggest that the uplift resulted essentially from vertical

forces which were, perhaps, the consequence of the intrusion
of an early Tertiary, subjacent pluton.

THE AGE OF DEFORMATION OF JURASSIC SEDIMENTS

Lower Cretaceous Uplift

Jurassic sediments were truncated southward to a line extending
between the south flanks of the Atarque and Lucero Uplifts. South of this

line the Dakota sandstone was deposited directly upon the Triassic Chiule
shales (Map 5). The rate and direction of thinning of the Jurassic sedi-
ments were computed by use of the columnar correlation diagrams (Sec-
tions 1 through 4) and solved vectorially. It was determined that the upper-
most Jurassic sediments attenuate at the rate of 17 feet per mile, south
130 east, along the wast flank of the Zuni Uplift; the rate of thinning is
about 21 feet per mile, south 400 east, along the eastern flank of the
uplift. The source of Jurassic sediments appears to have been chiefly

from the south, and about two feet per mile of the above figures may be
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ascribed to primary dip. The force of the lower Cretaceous uplift

appears to have diminished northward. When compared with the Zuni

Uplift, which rises at the rate of about 250 feet per mile, the lower

Cretaceous uplift appears rather inconsiderable. No record of early

Cretaceous deformation in Jurassic rocks could be found with the
possible exception of a joint system in the Bluff sandstone at Inscription

Rock which seems to exhibit truncation by the overlying Dakota sandstone.

The Age of the Zuni Uplift

The precise age of the stress, or sequence of stresses, which
produced the Zuni Uplift is still somewhat problematic.

All upper Cretaceous rocks on the flanks of the Zuni Uplift

have been folded and faulted. Sheet basalts have been extruded during

the late Miocene and very recently; a shard of pottery of Pueblo age
(about 1, 000 years old) was found included within a main recent flow in

the McCarty syncline. Andesite, latite, and trachyte flows and a rhyo-

lite tuff were extruded during the late Miocene (14, p. 57). All these

extrusives lie unconformably upon the sequence of sediments and pre-

Cambrian crystalline rocks without any visible deformation; major

faults within the Mesozoic sediments are obscured where overlain by

volcanics. The Euni Uplift was undoubtedly developed between the upper

Cretaceous and late Miocene.

A more exact age for the Zuni Uplift must be arrived at by

examining the sediments far to the north and east and by uncertain ana-
logy with other uplifted areas in this region.

Dartonrs State Map of New Mexico implies that the uplift was

of Laramide age. Sediments which he places as Wasatch in age (Eocene)
unconformably overlap the Gallup Basin and Atarque Uplifts adjacent to

the Zuni Uplift. Silver (19), on the basis of more recent evidence and
detailed study, has denied this correlation and calls these isolated sedi-

ments simply "Tertiary, of indeterminate age".

The central portion of the San Juan Basin does contain rocks
of Wasatch age - the San Jose formation. These sediments have been
affected by the depression of the San Juan Basin which is believed to have

been coincident with the formation of the Zuni Uplift. Another, but rather

tenuous, bit of evidence establishing the upper limit of the Zuni Uplift as
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late Miocene is the fact that the Santa Fe formation, of late Miocene

age, unconformably overlaps all older rocks on the east flank of the

Lucero Uplift. This evidence is not conclusive in itself, as the east
flank of the Lucero Uplift is in the Basin and Range Province which

has been affected by block faulting and tilting as late as the Pleisto-

cene. However, the best known evidence indicates that the Zuni Up-

lift was formed between the late Eocene and the late Miocene.
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