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ABSTRACT

An area of ai;out 1, 300 square miles was mapped in parts of
Rio Arriba, Sanddval. and McKinley Counties, New Mexico. The area
is in the east-central part of the San Juan Basin, a large structural
and drainage basin in the east-central part of the Colorado Plateau
province. Six reiatively distinct physiographic sectors in the area are
named here: the Penistaja Cuestas; Largo Plains: Tapicitos Plateau;
Yeguas Mesas; San Pedro Foothills; and Northern Hogback Belt.

The mapped area lies in the Central basin of the San Juan
Basin and is bounded on the east by the Nacimiento and French Mesa-
Gallina uplifts whe re rocks ranging in age from Precambrian to Late
Cretaceous crop out. Upper Cretacecus rocks crop out along the
southern and eastern edges of the area, and Tertiary rocks are at the
surface in most of the area.

The oldest rocks mapped are those of the Mesaverde group of
Late Cretaceous age. The Mesaverde group ranges in thickne#a from
about 1,700 feet at the southwest to about 630 feet at the northeast, and
is overlain by the Lewis shale of Late Cretaceous age. The Lewis shale
is about 1, 900 feet thick in the northeastern part of the area, but thins
abruptly to about 500 feet thick in the southwestern part of the area as
lower beds grade laterally into sandstone of the Mesaverde group.

The Lewis shale is overlain conformably by the Pictured Cliffs
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sandstone of Late Cretaceous age. The Pictured Cliffs, consisting of
fine- to medium-grained soft sandstone with interbedded thin carbona-
ceous shale, is as n';uch as 23-5 feet thick in the subsurface of the
southwestern part Jof tk;e area. It becomes thinner to the northeast and
is represented by thin beds of soft sandstone and carbonaceous shale,
35-45 feet thick, that grade nprtheastwa‘rc‘l into the upper part of the
Lewis shale. |

The Pictured Cliffs sandstone is overlain by the undivided
Fruitland formation and Kirtland shale of Late Cretaceous age. These
rocks are about 450 feet thick in the subsurface of the western part of
the area, but the thickness ranges from less than 100 feet to almost 300
feet at outcrops along the eastern side of the area. Part of the variation
is the result of angular and erosional unconformity with overlying rocks,
but part is the result also of local unconformities within the Fruitland
and Kirtland. The sequence consists of three lithologic units. Unit A
is shale and fine- to coarse-grained sandstone deposited in a marine and
brackish-water environment. Fossiliferous marine sandstone in unit A
thickens northward in the subsurface and at the surface. Unit B consists
of fine- to coarse-grained sandstone and interbedded shale resting with
local unconformity on unit A. The sandstone beds in unit B become
finer grained westward and grade into shale. Unit C, consisting of
coarse -grained sandstone and interbedded shale, rests with local

unconforrity on unit B and is present at places in the southeastern and



southern parts of the area. The sandstone beds of unit C thin north-
eastward ;nd grade into siltstone interbedded in shale. The undivided
Fruitland formation and Kirtland shale were deposited in and on the
margins of an embayment of the Cretaceous sea which probably became
landlocked, or nearly so, because of the ris.e of highlands north and
east of the preient San Juan Basin.

The undivided Fruitland formation and Kirtland jlhale are over-
lain unconformabiy by the Ojo Alamo sandstone of ‘I‘crtiary(?) age. In
the southern part of the area, the Ojo Alamo ranges in thickness from
60 to 100 feet but is almost 200 feet thick in the northern part. The QOjo

“Alamo contains a few beds of shale but consists mainly of fine-grained
to very coarse grained, arkosic sandstone containing lenses of pebbles
and small cobbles near the base. The Ojo Alamo was deposited by
streams draining into the San Juan Basin from several sides. The
principal source areas probably were the region now parts of the San
Juan Mountains and the Brazos uplift. The Ojo Alamo sandstone, as
mapped, seemns to correlate with only the upper part of the Ojo Alamo
of the type locality, and rests with erosional and slightly angular
unconformity on older rocks. A microflora in the Ojo Alamo in the
present area suggerts Tertiary age. |

The Ojo Alamo sandstone is overlain conformably by the

Nacimiento formation of Paleocene age. The Nacimiento formation
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is 800 to 850 £ee;_thick in the southern part of the area and is as much
as 1,750 feet thick in the subsurface of the northern part. At outcr;ps
along the eastern edge of the area, the thickness is varied from less than
500 feet to almost _1, 400 feet because of folding and erosion prior to
deposition of ove'rlying rocks. In the southert-x part of the area the
Nacimiento consists mainly of clay shale with some interbedded soft
sandstone and a few resistant sandstone beds. To the north the
Nacimiento contains a greater proportion (locally more than 50 percent)
of sandstone. The northern facies is part of a huge fan of volcanic

and orogenic debris eroded from highland's on the north and northeast
and spread to the southwest into the San Juan Basin. The southern
facies is composed partly of finer grained material deposited at the
distal edges of the fan, but consists also of reworked Cretaceous sedi-
ments eroded from uplifted areas south and west of the basin. In the
southern part of the area, the Nacimiento formation is of early and
middle Paleocene age, but farther north rocks of late Paleocene age
probably are present also.

The Nacimiento formation is overlain with erosional and
angular unconformity by the San Jose formation of Eocene age. The
San Jose is the surface formation in most of the region, and its
preservad parts range in thickness from about 200 to 1,430 feet in

ae southern part of the area to as much as 1,700-1, 800 feet in the



northern part. Four mappable lithologic units of the San Jose are here
named: the Cuba Mesa member; Regina member; Llaves member; and
Tapicitos member. The Cuba Mesa member at the base of the forma-
tion consists mainly of ‘conglomeratic arkosic sandstone 220-350 feet
thick at most places, but is 782 feet thick at the type locality. North,
south, and west of the type locality the ui:per part of the Cub.a Mesa
member tongues- out into the Regina member. The Regina member,
resting on the Cuba Mesa member, consists of variegated shale, sandy
shale, and some sandstone. The membgr ranges in thickress from about
600 feet in the southeastern part of the area to about 1, 640 feet in the
east-central part of the area, and about 575 feet at the type locality in
the northeastern part of the area. The variations ir thickness are attri-
butable in part to intertonguing relations between the Regina member and
the Cuba Mesa and Llaves members, and in part to intra-member thick-
ering. In the northeastern part of the area, most of the San Jose forma-
tion is composed of thick beds of conglomeratic arkosic sandsione of the
Llaves member which is about 1, 300 feet thick in its type area. The
lower part of the Llaves member grades out southward into the Regina
member, but a persistent medial sandstone unit of the Llaves rests

on the Regina in much of the north-central part of the area. The upper
part of the Llaves member, above the persistent medial sandstone,

wedges out southwestward and westward into the Tapicitos member which



consists of red shale and sandy shale with some lenticular resistant
coarse Qgriined sandstone. The thickest preserved part of the Tapicitos
member is about 500 feet thick. The arkosic conglomerates of the Cuba
Mesa and Llavgs members probably were derived mainly from Pre-
cambrian terranes north and northeast of the present basin. Much of

the Regina member was derived from Cretaceous rocks eroded from

the rising Nacimiento uplift. The redbeds of the upper part of the Regina
member and the Tapicitos member are probably second-cycle sediments
derived from Permian and Triassic red beds. At places along the Naci-
miento uplift beds assigned to the Regina member overlap the Cuba Mesa
member and older rocks including the Lewis shale, indicating folding in
this area during deposition of part of the Regina. The Central basin
probably was filled by sediments of the San Jose formation during Eocene
or Oligoceune time, and these rocks may have lapped out of the basin

onto the worn-down source areas,

Dikes of mafic igneous rocks of Miocene(?) age fill fractures
in the San Jose formation in the north-central part of the area. These
northerly trending dikes are related to the large swarm of dikes
farther north in the San Juar Bacin.

Terrace gravel deposits occur in the San Pedro Foothills adjacent
to the Nacimie.nto uplift. The topographically highest remnants of gravel
may be of Pliocene age and may correlate with the Bridgetimber gravel
of the northvgstom part of the San Juan Basin. Deposits of gravel at

6
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lower altitudes are of Quaternary age and cap terraces and occur in the
valleys ‘of some of the present streams. Recent alluvium occurs in all
the larger valleys of the area.

The northwest-trending axis of the San Juan Basin extends
diagonally across the north-central part of the area. Rocks in the
southwestern and western parts of the area dip gently northeastward
toward the axis. In the southeastern part of the area there is a series
of northwesierly-plunging asymmetrical anticlinal noses which were
formed during several stages of folding in Cretacecus and early Tertiary
time. The southeastern parts of the noses have been rotated and tilted
westward in the belt of sharp folding and local overturning along a
synclinal bend west of the Nacimiento fault at the western side of the
Nacimiento uplift. Surface stratigraphic information and well data
indicate the presence of similar subsurface folds farther north on the
eastern side of the area. North of the Nacimiento uplift, the rocks of
the eastern part of the area dip steeply westward on a curved, west-
facing monocline which forms the western flank of the French Mesa-Gallina
uplift. There are a few small faults in the area, but the displacements on
fnolt of them are 200 feet or less.

The stratigraphy and structure of the mapped area provide evidence
concerx;ing the nature of Laramide deformation of the eastern and north-
eastern parts of the San Juan Basin and adjacent uplifts. The Nacimiento
and Gallina faults on the eastern margin of the basin are probably

7



high-angle reverse faults. Right shift along these faults indicates that
the basin was dox-vnbuckled and shortened relative to the Nacimiento and
French Mesa-Gallina uplifts because of a deep-seated northeasterly
orien.ted Laramide compressional force. The San Pedro Mountain fault
near the northern-end of the Nacimiento uplift was producred by local
horizontal tension near the junction of the nérthérly trending Nacimiento
fault and the northeasterly trending Gallina fault.

The northwesterly trending Archuleta anticlinorium along the
northeastern margin of the San Juan Basin probably originated as an
intrabasinal arch in a large Late Cretaceous structural and sedimentary
basin. Analysis of the Horse Lake and Willow Creek anticlines suggests
that the southeastern part of the anticlinorium originated as a broad
elongate dome that was upwarped and deformed into an anticlinorium by
the northeasterly oriented Laramide compressional force. The Naci-
miento and Gallina faults ard the southeastern margin of the anticlinorium
mark a regional structural discontinuity alorng which crustal blocks with
differing orientations and compet ence yielded differently to the regional

compressional force.



INTRODUCTION
Purpose and Scope

The San Juan Basin, a large intermontane structural Basin in
the eaﬁtern part of the Colorado Plateau physiographic province, has a
thick sequence of Cretaceous and early Tertiary rocks which crop out
in a large region of northwestern New Mexico and southwestern Colorado.
The Cretaceous rocks have been studied in cornsiderable detail in many
parts of the basin because these rocks contain large deposits of coal,
oil, and natural gas. The Tertiary rocks contain classic vertebrate
faunas of Paleocene and early Eocene age, but because these rocks do not
contain economically important deposits of hydrocarbons and minerals
they have been of little interest to most geologists. However, the
stratigraphic relations and facies distribution of latest Cretaceous and
early Tertiary rocks reflect not only the Laramide structural and
depositional history of the San Juan Basin, but also the Laramide
structural history of uplifts bounding the basin.

The present study of an area of approximately 1, 300 square miles
in the east-central part of the San Juan Basin was done by the writer as
part of a ground-water investigation cf the scuthern part of the Jicarilla
Apache Indian Reservation by the U.S. Geological Survey. It was
determined that rocks older than latest Cretaceous age are buried toc

deeply to be considered as possible sources of ground water. However,



latest Cretaceous and early Tertiary rocks consist of several strati-
graphic units which coatain potential aquifers. Accordi}ngly, the area

of study was planned to ‘includvet not only the southern pa;'t of the
reservation, but also the region south and east of the Vreservation where
potential aquifers cx;op out. The results of the ground-water investigations
are the subject of another report. The present report presents only the
geologic data and geological conclusions drawn therefrom.

The study of the eastern side of the San Juan Basin was augmented
by detailed work in other parts of the basin, and by reconnaissance
examination of rocks in the region surrounding the basin. The detailed
and reconnaissance examinations outside the present area were made

by the writer during the course of other work for the U. S. Geological

Survey during parts of the period 1951-1960.

Location and Extent of Area

The area investigated for the present report (Figs. 1 and 2)
includes approximately 1, 300 square miles in parts of Rio Arriba,
Sandoval, and McKinley Counties, northwestern New Mexico. The east-
ern boundary is the foothills and lower slopes of Sierra Nacimiento and
San Pedro Mountain in Sandoval County, and the west edge of the irregu-
lar belt of lower mountains and mesas north of San Pedro Mountain in
Rio Arriba County. The northern, western, and southern boundaries
were chosen arbitrarily as the township lines which include all the

10
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southern part of the Jicarilla Apache Indian Reservaiion and the area

to the south where potential aquifers crop out. Most of the area

investigated lies within T. 20 N. to T. 26 N., R. 1 W. to R. 5 W. The

northeastern part of the area is in parts of T. 24 N. to 26 N., R. 1 E.
The area extends from about latitude 35°55' to about latitude

36°31'. The northeastern edge of the area is at about longitude 106745,

and the western edze is at about lo.gitude 107°10",

Previous Work

The geology of parts of the area of this report has been mapped
and described briefly in several earlier reports. The southern and
eastern parts of the area were part of a much larger region mapped in
reconnaissance by Gardrer (1909, who also briefly described strati-
graphic relations of Cretaceous and Tertiary rocks in this area (Gardner,
1910). Renick (1931) mapped the rocks along the western side of Sierra
Nacimiento and San Pecdr-o Mourtain, studied the stratigraphy and struc-
ture of these rocks, and discussed ground-water conditions in the east-
central and southeaste:n part of the area of the present report. Dane
(1932) published a brief description of latest Cretaceous and Paleocene

rocks of the region, and (Dare, 1936) briefly examined and described

— rocks in the southern two tiers of townships (T. 20-21 N., R. 1-5 w.)

-of the area of the present report, and mapped them during a study of
the La Ventana-Chacra Mesa coal field which lies south and southwest
of the area of the present report.

12



Dane (1946) also published a chart and description of the strati-
graphy of lategt Cretaceous and Tertiary rocks of the eastern side of
the San iuan Basin. This included a description of the rocks in parts
of a narrow belt in t‘h‘e eastern part of the area of the present report.
Wom‘i and Northrop (1946) mapped the Nagimiento Mountains (Sierra
Nacimienfo) and San Pé&ro Mountain, and the foothills to the west which
w;re previously mapped by Renick (1931). The Dulce-Chama area
r'napped'by' Dane (1948) inclucies, at its southern end, the northeaster-
most two townships (T. 26 N., R. 1 E., and R. 1 W.) of the area of the
present repo‘rt. A narrow strip on the eastern edge of the present area
from the northern part of T. 22 N., R. 1 W. to the northeast corner of
the area was mapped as part‘:s of three master's theses of the Unive rsity
of New Mexico by Hutson (1958), Fitter (1958), ard Lookingbill (1953).

The southern part of the Jicarilla Apache Indiar Reservation and
much of the area to the east have not been mapped previously, and litho-
logic units of less than formational rank in Tertiary rocks have not been

mapped previously in this region.

Present Work
Fieid work for the present report was done from May to October,
1959, and in May, 1960. Subsequent field work was done during brief
pexiods in 1960 and the early part of 1961. The writer was assisted by

S. R. Ash during the mapping and measuring of stratigraphic sections
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| in 1959 and in May, i960, and this assistance is gratefully acknowledged.
"he geology of the eastern one-third of the area was mapped in consider-
able detail in order to determine stratigraphic relations of the rock units.
The relations determined provided the basis for differentiation of rock
units in the larger part of the area to the west, and this part of the area
was mapped rapidly because of the relatively simple stratigraphy, good
exposures, and ease of access of many roads constructed for oil and

gas exploration.i All geologic marpping was done aerial photographs.

A planimetric base map was compiled by the writer at the scale
of 1:63,360 (1 inch equals 1 mile). The eastern part of the base map
was compiled from parts of the La Ventana, Cuba, Llaves, arnd Horse
Lake 15-minute quadrangle topographic maps of the U. S. Geological
Survey. The part of the map west of longitude 107°00* was compiled
from the 30-minute quadrangle planimetric maps of the New Mexico State
Highway Commission Flanning Survey. Geology mapped in the field on
aerial photographs was plotted on the available topographic maps, and
then transferred to the planimetric base. For the part of the area for
which topographic maps were not available, the geology was transferred
directly from the aerial photographs to the planimetric base by means
of the Sa. - z2man overhead projector (Geologic map, Fig. 2).

A study of the subsurface geology of the area was done by means

of elect ic logs of wells drilled for oil and gas, and surface stratigraphic
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sections measured in the field. Correlated surface stratigraphic sec-
tions are shown on Figure 3. A structure contour map (Fig. 4) and
stratigraphic correlation diagrams (Figs. 5, 6, and 7) were— prepared

to illustrate the subsurface geology.

Physiography
Drainage

Most of the western two-thirds of the area investigated is drained
by inte rmittent streams which flow westward and are tributary to Canyon
Largo. The intermittent stream in Carnyon Large flows to the northwest
out of the area, and discharges into the San Juan River. The Ceontinental
Divide trends generally north and south across the northeastern part of
the area but is very sinuous in places. Near Regina the divide bends
toward the southwest. In the southern part of the area the divide is an
east-west line of hills and mesas, but ir the southwestern part of the
area, it is alined in a north-south direction.

The region east of the Continental Divide is in the Rio Grande
watershed. Intermittent streams east of the divide in Rio Arriba County
drain into the Rio Gallina which flows intermittently to the northeast
from San Pedro Mountain. Outside the area, the Rio Gallina flows into
the Rio Chama, a major tributary of the Rio Grande. The extreme
northeastern part of the area is drained by Archuleta Arroyo which
drains into the Rio Chama.
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The western side of San Pedro Mountain in Sandoval County is
drained by str;ams flowing intermittently westward to San Jose Creek.
La Jara Creek and Rito de los Pinos both ar? perennial streams in their
upper courses, but become intermittent before reaching San Jose
Creek. San Jose Creek, which is intermittent for most of its length,
extends louthwird between San Pedro Mountain and the Continental Divide
to the vicinity of Cuba where it joins the Rio Puerco.

The Rio Puerco flows southward and is the master stream for
drainage of the southern part of the area. Encino Wash and Arroyo San
Ysidro drain southward and, outside the area, jcin Torreon Arroyo, a
southeastward-flowing intermittent tributary of the Rio Puerco. Several
small westward-flowing streams such as Rito Leche, Nacimiento Creek,
and Senorito Creek (in Senorito Canyon) have perennial streams of water
in their upper courses on Sierra Nacimiento, but their flow becomes
intermittent before reaching the Rio Puerco. In this region even the
Puerco flows perennially only in its upper course north of Cuba. The

Rio Puerco joins the Rio Grande almost 120 miles south of Cuba.

Land Forms

General Discuasion

Neariy all the San Juan Basin lies within the Navajo section of
th~ Cclorado Plateau physiographic province (Fenneman and Johnson,

1946). a ‘igion of young plateaus with moderate to strong relief.
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The predomiﬁant feature of eros-ion is the stripping of nearly horizontal
sedimentary beds to leave outlying mesas and buttes. Lo‘caliy the major
streams have incised themselvezi i_r;to soft Cretaceous and Tgrtiary rocks
and formed fairly deep, stéep-walled canyons. The reéulting land forms are
dependent directly on the geologic structure and the .lithologic character
of Cretaceous and Tertiary rocks. The;e rocks consist ;of units of thick
shale and interbedded thick to thin sandstone.

The sandstone units are more resistant to erosion than the shale
units, and where the strata are nearly horizontal, sandstone forms mesas
and broad benches. The easily-eroded shale units form valleys and
steep slopes between the sandstone units. Some of the thick shale units
contain numerous beds of lenticular, thin, soft sandstone and sandy shale
which are only slightly more resistant to erosion than the enclosing shale
beds. In places the differential erosion of rocks of this type has given
rise to intricately dissected badlands.

Where the ltr#tl are tilted steeply and eroded deeply, the resis-
tant sandstone units form "hogback' ridges between broad valleys cut
in the intervening shale and gives rise to belts of nearly parallel ridges
and valleys.

The granite which forms much of San Pedro Mountain and Sierra
Nacimiento on the eastern edge of the area is more resistant to erosion
than the sedimentary rocks preserved in the San Juan Basin. The steep-
1y tilted sedimentary rocks preserved on the western side of the
mountainous region must have been mainly continuous across that region
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before uplifting and erosion occurred. San Pedro Mountain and the Sierra
Nacimiento are cons.ide red to be an extension of the Southern Rocky
Mountains (Fenneman and Johnson, 1946); thus their western edge marks
the eastern boundary of the Colorado Plateau physiographic province in
this regicn. -North of San Pedro Mountain the high mesas ;nd plateaus
lying east of the area of the present report are considered to be part of the
Colorado Plateau. The eastern boundary of the physiographic province in
this latitude is the Brazos Mountains which lie nearly 40 miles northeast
of the area of this report.

There are six relatively distinct physiographic sectors in the
mapped area. These are here named: Penistaja Cuestas; Largo Plains;
Tapicitos Plateau; Yeguas Mesas; San Pedro Foothills; and Northern

Hogback Belt (Fig. 8).

Penistaja Cuestas

The land surface of the southern part of the area is characterized

by several major, sloping topographic benches whicb extend from east

to west across the area in broad curved bands interrupted only by the
narrow valleys of southward-draining arroyos. 'Thiu sector is here named
the Penistaja Cuestas. Each of the major sloping topographic benches

or cuestas is held up by a thick unit of sandstone, and has a steep escarp-
ment foi its soutfxern margin. Because the cuelt-gs are incised deeply

by canyons at places, their southern edges are sinuous, but in general

the erosional escarpments face to the south, soutk;west‘. or southeast.
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Soft, shaly rocks overlying the sandstone units have been stripped back
to the north, in places for several miles, so f.ha.t the tops of the cuestas
are essentially dip-slopes cut on the upper surface of each sandstone unit.
The slope of the cuestas is to the north, or a component of that direction,
and reflects the regional structural dip of the rocks.

Each topographic bench or cuesta is separated from the next
bench to the north by an intervening band of valleys and low rounded hills
cut in units composed mainly of shale. Thin resistant beds in the shale
units hold up hills and minor benches. Near the northern edge of each
belt of valleys and low hills the land surface rises abruptly and culmin-
ates in the steep erosional escarpment forming the southern edge of
the next sandstone -capped cuesta succeeding to the north. Streams
crossing the shale units have broad alluviated valleys, but where the
streams cross the bench-forming sandstone units they have narrow valleys,
or they are in deep canyons. The drainage of the sector is to the south.

The southern boundary of the Penistaja Cuestas sector lies south
of the area of this report and the sector is continuous west of the area.
Thae northern boundary is defined as the Continental Divide from Regina
southwestward to the northwestern part of T. 21 N., R. 4 W. From there
the boundary extends northwestward to the upper part of Venado Canyon
inT. 22 N., R. 5W. This boundary includes within the Penistaja
Cuestas the area of moderately strong topographic relief and tilted rocks
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which are near the southern edge of the Central basin structural segment
of the San J’ﬁan Basin (Kelley, 1950). Along most of the northern boundary
of the Penistaja Cuestas the land surface slopes steeply northward from a
series of ruggeq mesas and cuestas to a region of nearly horizontal rocks
and low topographic relief which is the Largo Plains. At the east the
Penistaja Cuestas merge with the San Pedro Foothills, and with the
steeply-tilted rocks at the foot of Sierra Nacimiento.

Altitudes of the Penistaja Cuestas sector become higher from
south to north. The altitude of the southermost cuestas ranges from
a little less than 6, 600 feet in the extreme southwestern corner of the
area, to a little more than 7, 300 feet in the southeastern corner. The
highest altitudes are along the Continental Divide, and range from 7,450
feet in the southwestern part of T. 22 N., R. 5 W., to about 7,700 feet

in the southwestern part of T. 22 N., R. 2 W.

Lar go Plains

Canyon Largo in the western part of the area is bordered on the
northeast and on the southwest by broad plains which slope gently toward
the intermittent stream. These plains, here named the Largo Plains,
have been dissected mildly by the intermittent streams tributary to
Canyon Largo so that the region is one of broad low mesas separated by
intervening swales and shallow valleys. In the west-central part of the
area Canyon Largo is an entrenched stream flowing in a steep-walled
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canyon whose bottom is almost 200 feet below the plains. Similarly,
in the northwestern part of the area the lower courses of Tapicitos Creek
and smaller tributaries of Canyon Largo are steep-walled canyons
incised deeply in the plains. z
The plains bordering Canyon Largo were forme.rly part of a
broad valley which trended northwestward and was graded to the San
Juan River at a time when that river had not carved the deep canyon
through which it now flows. The ancient valley of the Largo was as
much as 10 miles wide in places, and had a gradient of about 7 feet per
mile to the northwest in the Jicarilla Apache Indian Reservation.
Altitudes along Canyon Largo range from about 6, 600 feet near
Otero Ranch to more than 7, 000 feet in the southwestern part of T. 22
N., R. 3 W. Southwest of Canyon Largo the plains rise gently to alti-
tudes of about 7, 000 feet. Above the southwestern edge of the old valley
rise the high cuestas and mesas of the Penistaja sector. Northeast of
Canyon Largo the plains slope gently up to altitudes of 6, 800 to 7, 000
feet. At the northeastern edge of the old valley the intricately dissected

mesas of the Tapicitos Plateau rise abruptly.

Tapicitos Plateau

Most of the northern and central part of the area is a high plateau
which has been dissected greatly by the westward-flowing intermittent
streams tributary to Canyon Largo. This dissection has caused the
remnants of the plateau to stand as broad,irregular, sandstone -capped
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mesas extending westward from the Continental Divide to the Largo Plains.

The plateau is triangular, becoming narrower to the south until it merges,

around the eastern end of the Largo Plains, with the Penistaja Cuestas
sector along the Continental Divide in T. 22 N , R. Z2W., and R. 3 W.
The dissected plateau is here called the Tapicitos Plateau for Tapicit;)s
Creek which heads in the eastern part of the upland.

The western boundary of the plateau is the sinuous, steep, irre-
gular, erosional escarpment overlooking the Largo Plains. The eastern
edge may be defined conveniently as the Continental Divide northward
from the northeastern part of T. 21 N., R. 4 W. In a sense, the high
mesas and cuestas along the divide west of T. 21 N., R. 4 W. are eros-
ional remnants of the Tapicitos Plateau, but they are more conveniently
grouped with the Penistaja Cuestas sector. The Tapicitos Plateau extends
far to the north of the present area of investigation.

Altitudes on the Tapicitos Plateau range from about 6, 800 feet on
the lower slopes, to a little more than 7, 600 feet at the tops of the high-
est mesas. Throughout the area there are nume rous mesas whose tops
are at altitudes between 7,400 and 7, 500 feet. This seems to indicate
that a wide -spread erosional surface of relatively low relief char#cter-
ized the plateau before the canyon-cutting‘ erosional cycle during which

the platean was dissected and the Largo Plains were formed.

‘Yeguao Mesas

Near the northeastern corner of the area numerous high mesas
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rise about 500 feet above the general level of the Tapicitos Plateau.
The mesas are long and narrow, and are separated by deep, steep-
walled canyéns cut in thick sandstone beds by the intermittent streams
of Canyoncito‘ de las Yeguas and its tributaries. Topographic relief
from tops of mesas to bottoms of adjacent canyons is as much as 1, 000
feet in about one-half mile at some places. This area of high mesas
and deep canyons is here named the Yeguas Mesas sector.

Altitudes in Canyoncito de las Yeguas range from about 7, 000
feet in the eastern part, to a little more than 7, 500 feet in the west.
The highest mesas are along the eastern side of the sector where alti-
tudes are as much as 8, 500 feet. The altitude of the tops of the highest
western mesas along the Continental Divide is neariy 8, 000 feet.

The tops of many of the Yeguas mesas appear to be remnants of
a high-level erosion surface which sloped westward. This surface may
have been widespread formerly, inasmuch as extensive areas having
similar altitudes occur in the region east of the area of this report, and
isolated mesas whose tops are at altitudes of 7,700-8, 000 feet occur
along the Continental Divide on the Tapicitos Plateau in the eastern part
of the area. A few isolated buttes and small me sas rising above the
Tap.;citon Plateau may be erosional remnants of the higher Yeguas Mesas
surface .which was mainly destroyed by the erosional cycle that produced
the lower Tapicitos Plateau surface.
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San Pedro Foothills

The foothills of San Pedro Mountain from the upper drainage of
San Jose C;'eek to the upper drainage of the Rio Puerco are character-
ized by westward-sloping terraces which extend from San Pedro Mountain
to San Jose Creek. The terraces are separated by westward-trending
valleys which are mainly broad and shallow at the west, but are narrow
and deep at the east. This area is here called the San Pedrc Foothills
sector. Deposits of gravel composed mainly of granite derived from
San Pedro Mountain cap terraces at several diiferent levels, and occur
also in the upper valleys of the major streams. In deep canyons cut
below the levels of the terraces near the foot of San Pedro Mountain,
Cretaceous and Tertiary sedimentary rocks are exposed standing nearly
vertical. These rocks are bevelled by the westward-sloping terraces,
and their structure and lithology have only minor influence on the land
forms.

Altitudes at the western side of the foothills belt range from a
little more than 7, 000 feet in the valley of San Jose Creek south of La
Jara, to almost 7, 600 feet at the head of the valley north of Regina.
Altitudes at the top of some of the terrace-gravel deposits at the foot of
San Pédro Mountain are a little more than 8, 400 feet.

Bryan and McCann (1936) briefly examined the San Pedro Foot-
hills region as part of a study of the physiography of the upper Rio Puerco,
and postul#ted that the terraces are remnants of twc pediments which were
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i
cut to the grades of two older and higher temporary erosional levels of
San Jose Creek and the Rio Puerco. The higher and older of these
postulated pediments was called the La Jara pediment (Bryan and McCann,
1936, p. 160-164). According to Bryan and McCann the La Jara pediment
extended as a sloping surface from the foot of San Pedro Mountain to San
Jose Creek, and was supposed to have been overlain by an almost con-
tinuous veneer of gravel. The postulated lower and younger erosion
surface, called the Rito Leche pediment (idem, p. 164), was said to have
been a broad surface between the Nacimiento Mountains and the Rio
Puerco south of Cuba. In the San Pedro Foothills, the Rito Leche pedi-
ment was said to be repfe sented by the low terraces or benches along
the edges of the San Jose Creek and its tributaries. These terraces are
higher than the floor of the present valley, but are lower than the postu-
lated La Jara pediment.

A more detailed study of the area by the present writer indicates
that the physiographic history of the San Pedro Foothills sector is more
complex than envisioned by Bryan and McCann, and that the concept of
the La Jara pediment is incorrect. The gravel deposits are not as
extensive as indicated by Bryan and McCann (see Fig. 2), and they are
on several distinctly different, westward-sloping surfaces, rather than
Y#ing on one ge<neral surface as required by the concept of the La Jara
pediment.

The highest gravels (QTg on Fig. 2) are on remnants of what
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may have been a pediment surface. This surface slopes away from San
Pedro Mountain at altitudes ranging from about 8, 000 - _8, 400 feet and
may be equivalent to.the highest erosional surface in the Yeguas Mesas.
Other mesa.s whose tops are at altitudes of 7,700-8, 000 feet occur at
places along the Continental Divide west of San Pedro Mountain, and the
tops of these mesas also may be remnants of the erosional surface capped
by the highest gravel deposits on the flanks of San Pedroc Mountain.

Most of the lower-level gravel deposits are much longer than
they are wide, and they extend westward from deep canyons cut in Pre-
cambrian rocks on the west side of San Pedro Mogntain. At places the
gravel deposits are thickest in their central parts and thinner at their
edges. From these observations it seems probable that most of the
lower-level gravel was deposited in stream channels cut in soft Cretaceous
and Tertiary rocks during earlier stages of erosion of the foothills belt.
During later stages of erosion the gravels protected the immediately
underlying soft rocks from erosion; thus the former stream channels are
now gravel-capped terraces. The old interstream areas, held up by
soft rocks not protected by gravel, were more susceptible to erosion
and were worn away, perhaps by lateral migrati;::n of the streams to the
edges of their gravelly channels where they were able to cut into the
soft Tertiary rocks to form the present valleys. Comparison of gra-
dients and altitudes of some of the gravel-capped terraces indicates

that the streams which deposited the gravel were captured only recently
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by San Jose Creek. Prior to this some of the streams probably drained
westward, and the Contigental Divide was at the crest of Sierra Naci-
miento and San Pedro Mountain. The we stward-ﬂowing upper course of
San Jose Creek .east of Regina seems to hav; .been the last tributary to
be captured. It p?obably flowed, formerly, to the west through the gap
in the Continental Divide (traversed by State Highway 95) west of Regina,
and into the upper part of Canada Larga. The altitude of the gravel-
capped terrace along upper San Jose Creek east of Regina is about 7, 500

feet. The altitude of the gap in the Continental Divide west of Regina is

a little less than 7, 500 feet.

Northern Ho gb_ack Belt

Extending northward from the San Pedro Foothills, along the north-
eastern edge of the area of investigation, is a belt characterized by long,
narrow sandstone ridges separated by alluvial valleys which are mainly
parallel to the ridges. The sandstone ridges, known as '""hogbacks',
are breached by gaps through which the intermittent streams of the belt
drain eastward to Rio Gallina. This hogback belt is geologically a con-
tinuation of the San Pedro Foothills, but the hogback belt has been more
deeply eroded, and consequently has different land forms. Differential
resistance to erosion of the steeply tilted sedimentary rocks has caused
valleys to be cut in the shale units, leaving the more resistant sandstone
beds as nearly parallel ribs or hogback ridges rising above the inter-
vening valleys. The name '"Northern Hogback Belt' is applied to this
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sector to distinguish it from the hogback belt parallel to the front of
Sierra \Nacimiento south of the area investigated.

The major topographic feature of the Northern Hogback Belt is
the high sapdstone ridge in the eastern part of the belt. Although this
hogback is cut at places by transverse gaps, it forms a nearly continu-
ous ridge from the upper tributaries of San Jose Creek northward beyond
the northern part of the area. The altitude of the top of this hogback is,
at places, more than 7, 800 feet. The narrow ridge rises 400-600 feet
above the flanking valleys. Sandstone beds of stratigraphically higher
formations hold up ridges west of the main hogback, but these sandstones
are less resistant to erosion and the hogbacks to the west are, for the
most part, topographically lower than the eastern hogback. Also, the
north-south continuity of the western hogbacks is interrupted by broad,
transverse alluviated valleys and low terraces. In most of the hogback
belt west of the main hogback altitudes range from a little less than
6,900 feet to about 7,400 feet. The large hogback (or steeply sloping
cuesta) in the western part of T. 26 N., R. 1 E. attains the highest
altitude - -8, 447 feet--of the Northern Hogback Belt.

The upper valleys of Arroyo Blanco and Almagre Arroyo are cut
in soft, gently dipping Tertiary rocks and do not have the characteristic
lar;d.forms of the Northern Hogback Belt. However, these valléys are at
lower altitudes than the Tapicitos Pla.tealx west of the Continental Divide,

and they are drained to the east. For these reasons they are included
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in the Northern Hogback Belt.

Climate

Thg recorded average annual precipitation in the area ranges
from 16.71 inches at Gavilan to 11.91 inches at Otero Ranch (New
Mexico State Engineer, 1956, p. 277-280, 294). The average
pfecipitation is least in June and greatest in July and August. In
general, the wettest part of the area is the eastern side, with the topo-
graphically higher parts receiving more precipitation than the lower
parts. The amount of precipitation becomes less tc the west, and the
southwestern corner of the area is the driest part.

According to published records of the New Mexico State Engineer
(1956) the average frost-free season is 77 days (June 25 to Sept. 10)

at Gavilan (alt. 7,350 ft.).

Vegetation

The vegetation of the area varies with altitude and precipitation.
The lower valleys and plains support sparse grass and, locally, thick
growths of sage brush. Near springs, and in soine of the valleys where
ground water is at shallow depth, cottonwoods oi:cur. On the slopes
and lower ridges and hills, particularly in sandy soil, juniper and pinon
pine are the common trees. The juniper-pinon zone merges upward
into stands of ponderosa pine which occur on t;he sandstone -capped
cuestas of the Penistaja sector, the mesas of the Tapicitos Plateau
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and Yeguas Mesas, the sandstone ridges of the Northern Hogback Belt,
and the gravel-capped terraces of the Sén Pedro Foothills. Scrub oak
is common in the upp:r part of the juniper-pinon zone, and with the
ponderosa pines. Ponderosa pines clothe the slopes of the Sierra
Nacimiento and San Pedro, a?xd merge upward into stands of spruce
and fir which are on the higher parts of the mountains and on north-

facing canyon walls. Groves of aspen are common in the moister parts

of the mountains.

STRATIGRAPHY
General Discussion

Rocks ranging in age from Precambrian to Recent are exposed
in the Nacimiento uplift and the eastern part of the San Juan Basin. The
nomenclature, age, and thickness of these rocks are summarized in
Table 1. Shown on Figure ¢ are the structural elements of the San Juan
Basin and adjacent regions that are mentioned in discussing the strati-
graphic units.

The oldest rocks of the region are igneous and metamorphic
rocks of Precambrian age that form a basement on which younger sedi-
mentary rocks rest. The Precambrian rocks form the bulk of San
Pedro Mountain and Sierra Nacimiento, and have been encountered at
depths of 13; 000 feet or more in wells drilled in the eastern part of
the San Juan Basin. Precambrian rocks exposed in the Nacimiento
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‘Table 1.--Age, nomenclature, and thickness of rock units in the Nacimiento uplift

and eastern part of ‘the San Juan Basin, New Mexico.

(Compiled partly

from Renick, 1931; Dane, 1936, Wood and Northrop, 1946.)

SERIES OR TH | IT THICKNESS
ERA| SYSTEM EPOCH LITHOLOGIC UN (in_feet)
Recent d .
Pleisr:oce?'bne Allu'\“f::um in valleys O to I00+
UNCONFORMITY
Quaternary , Terrace gravel and gravelly
O Pleistocene stream-channel alluvium in the O to 100t
- parts of some vaileys
o uaternary | Pleistocene S — ,
- _or Gravel capping high terraces O to100¢
" Tertiary Pliocene
& UNCONFORMITY
Miocene (?) Lomprophyre dikes
z 4 UNCONFORMITY
- Tertiary Eocene San Jose formation 200t to 1,800
UNCONFORMITY
b Paleocene Nacimiento formation le's; 'ng_gy
Tertiary (?) | Paleocene (?) Ojo Alamo sandstone 70 to 200
— 7 UNCONFORMITY
Kirtland shale and Fruitiand | |00% t
" formation, undivided 00 A
Pictured Cliffs sand f
— : C sandstone O to 235
Lewis shale 500 to 1,900
La Ventana tongue of 37 to
- 8 | Cliff House sandstone  |1,250 | Total
Cretaceous ® 5 34710 THick.
. . 0
R — é?, Menefee formation 375 580
= 2 St Lottt senduiins TRET PP
N 20014
- Mancos shale 2,300 to 2,500
Lower (?)
" Cretaceous Dokota sandstone 150 to 200
- UNCONFORMITY
w Morrison formation 350 to 600
. Upper Todilto formation 60 to 125
2 | Jurossic ) Entrada sandstone
Jurassic (Wingate ss. of Renick, 193I; 227 aond less
Wood and Northrop, 1946)
) Ch,un':co»gro MITY
: . pper infe formation "
Jriassic Triassic (including Poleo ss. of Renick, 1931) -
UNCONFORMITY
© | Permian |Lower Permian Cutler formation 500 to 950
- adl LOCAL UNCONFORMITY
© Upper, Middle,| Madera |imestone 0 to 800+
& Lower Penn. | ¢
" Ponn- 22| sandia formation
(@) sylvanian Lower -8 © | (upper clastic member of 0 to 200
W Penn. ‘io ﬁ::g)m of Wood and Northrop,
- uucouro?mrv
< issis - Arroyo Penasco formation
- Missis Upper ... yo of Sandia fm. of Oto 158
sippian Miss. Wood and Northrop, 1946)
UNCONFORMITY
Precaeambrian Granite and metamorphic rocks
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uplift were described by Renick (1931, p. 12-13) as being mainly coarse-
grained granite with somé dikes of fine- to coarse-grained basic igneous
rock and quartz veins. There are a few outcrops of mica schist into
which the granite probably was intruded.

Paleozoic .rocki lie on the Precambrian basement and consist of
thick beds of limestone, shale, sandstone, and conglomerate of Mississip-
pian, Pennsylvani#n. and Permian age. These rocks are present at places
in the higher parts of Sierra Nacimiento and San Pedro Mountain, and crop
out also on the lower slopes of the mountains (Renick, 1931, p. 13-24;
Wood and Northrop, 1946; Armstrong, 1955, p. 6-17; Fitzsimmons,
Armstrong, and Gordon, 1956, p. 1936-1940). Paleozoic rocks are
present also in the subsurface of the San Juan Basin.

The Paleozoic rocks are overlain by a thick sequence of Meso-
zoic rocks consisting of sandstone and shale of Triassic, Jurassic, and
Cretaceous age. Triassic rocks are present in a structural sag between
San Pedro Mountain and Sierra Nacimiento, and crop out also in the belt
of steeply dipping rockF at the western edge of the mountains. Jurassic
rocks also crop out in this belt along the ed ge of the mountains. Creta-
ceous rocks consisting of thick units of sandstone and shale crop out in
the belt of steeply dipping rocks, and are the surface rocks in much of
the San Juan Basin outside of the Central basin. The Mesozoic rocks

are present also in the subsurface of the Central basin.
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Cenozoic rocks consisting of thick units of sandstone and shale of
éarly Tertiary (Paleocenc; and Eocene} age are the ;urface rocks in most
of the Central basin.

The rocks of latest Cretaceous and early Tertiary' age, with which
the present report‘il concerned primarily, are restrictgd in occurrence
to the Central basin. Rocks older than latest Cretaceous age are at
depths of more than 3, 000 feet in the southern part of the Jicarilla Apache
Reservation. The oldest rocks mapped in the present investigation are
those of the Mesaverde group of Late Cretaceous age. Rocks older than
this are shown on the geologic map (Fig. 2) as Cretaceous and older rocks,
ﬁndivided (Ko). These rocks, ranging in age from Precambrian to Late
Cretaceous as shown in Table 2, were mapped by Renick (1931) and by

Wood and Northrop (1946).

Cretaceous Rocks

Mesaverde Group
Definition

The Mesaverde group of Late Cretaceous age was named by
Holmes (1877, p. 252). The name was applied to the thick sequence of
sandstone, shale, and coal that forms Mesa Verde in southwestern
Colorado. Collier (1919, p. 296-297) divided the type sequence into
‘three formations. In ascending order these are the ?oint Lookout sand-

stone, Menefee formation, and Cliff House sandstone. The Mesaverde
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group has been mapped continuously from the type region in Colorado
across the San Juan Basiix into the present area (Bauer, 1916, pl. 64;
Reeside, 1924, p. 13-16; Dane, 1936, p. 93-109).

Because of the complexity of the stratigraphy of the Mesaverde
group and the conéequent uncertainty of correlations, earlier workers
in the southern and eastern parts of the San Juan Basin did not use the
formational subdivisions (Point Lookout, Menefee, and Cliff House forma-
tions) of the type region. The Mesaverde rocks in the southeastern part
of the present area were mapped by Renick (1931), Dane (1936), and Wood
and Northrop (1946) as the Mesaverde formation. In this region Dane
mapped a basal sandstone which he correlated with the upper part of
the Hosta sandstone member of the Mesaverde formation of the southern
San Juan Basin. Above the Hosta sandstone member is a sequence of
inte rbedded sandstone, shale, and coal beds which Dane correlated with
the Gibson coal member and the Allison member of the Mesaver'de forma-
tion of the southern San Juan Basin. The highest unit of the Mesaverde
in the eastern part of the basin is a ledge-forming group of sandstone beds
which Dane (1936, p.. 108) named the La Ventana sandstone member of
the Mesaverde formation.

Beaumont, Dane, and Sears (1956) revised the nomenclature of
the Mesaverde group of the San Juan Basin. The Mesaverde was raised
to group status everywhere. The Hosta sandstone of the eastern San
Juar, Basin was correlated with the Point Lookout sandstone. The Gibson
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and Allison members were made the Cleary and Allison members of
the Menefee formation. The La Ventana sandstone was redefined as a

tongue of the Cliff House sandstone.

The present writeridid not subdivide the Mesaverde group into
Point Lookout sandstone, Menefee formation, and LLa Ventana sandstone
during reconnaissance mapping of these rocks. However, a three-fold
division of the Me;averde group was observed at all localities where the

group is completely exposed in the eastern part of the area, and a three-

fold nature is apparent in electric logs of wells.

Extent and Thickness

The Mesaverde group is exposed nearly continuously from south
to north along the eastern edge of the area and is continuously distributed
in the subsurface of the region west of the mountains.

In the southern part of T. 20 N., R. 1 W. the Mesaverde group
is well exposed south of San Pablo Canyon where its upper beds, equiva-
lent to the La Ventana tongue of the Cliff House sandstone, form a high
hill on the crest of a northwest-plunging anticline. Beneath the La
Ventana are slope forming carbonaceous shale and sandstone of the
Menefee formation underlain by thin sandstone of the Point Lookout.
North of here the Mesaverde group is involved in the sharp folding at
the foot of Sierra Nacimiento and San Pedro Mountain. The Mesaverde

beds dip steeply to the west, and in places are vertical, or are over-
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turned slightly and dip to the east at high angles. Because of the steep
dips the outcrop bgl;: of the Mesaverde is narrow along the foot of the
mountains. In the San Pedro Foothills the Mesaverde is covered by
Quaternary grav.el a.t places.

North of San Pedro Mountain the westward dip of the Mesaverde
becomes less steep a. * the outcrop belt is wider. A thick upper sand-
stone unit, probal;ly equivalent to the L.a Ventana tongue of the Cliff
House sandstone, forms the high eastern hogback in the Northern Hog-
back Belt. Rocks probably equivalent to the Menefee formation and
Point Lookout sandstone form steep slopes and small ridges east of the
main hogback.

According to Renick (1931, p. 43-44) the Mesaverde is about 500
feet thick in sec. 35, T. 21 N., R. 1 W. The '"lower sandst'one member"
of Renick is the Point Lookout sandstone which is about 180 feet thick.
The "middie coal-bearing member' is the Menefee formation which is
about 347 feet thick. The '"upper sandstone member'' is the La Ventana
tongue of the Cliff House sandstone which is about 37 feet thick. Farther
west in the subsurface, the thickness of the entire Mesaverde group
increases to about 840 feet at the Sun McElvain well in sec. 23, T. 21 N.,
R. 2 W. In the southwestern part of the area the Shell Oil Co. No. 1
Pool Four well in sec. 22, T. 21 N., R. 5 W. penetrated nearly 1,700

feet of rocks assigned to the Mesaverde group.
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In the northeastern part of the area the entire Mesaverde group
is about 630 feet thick in the subsurface at the Readiag and Bates No. 1
Duff well in sec. 24, T. 24 N., R. 1 W. Fitter (1958, p. 19, and
p- 49-51) reports that the Mesaverde group is 647 feet thick in sec. 5,
T. 24 N., R. ! E., where the basal (Point Lookout) sandstone is approx-
imately 95 feet thick, the medial coal-bearing sequence (Menefee
formation) is about 375 feet thick, and the upper sandstone (La Ventana

tongue of the Cliff House) is about 110 feet thick.

Litholo gy

The Point Lookout sandstone consists of buff, gray, and tan
sandstone beds ranging in thickness from 1-30 feet. The Point Lookout
is mainly medium grained but contains a few beds of fine-grained sand-
stone and also some beds of shale.

The Menefee formation consists of shale and interbedded sand-
stone and thin coal beds. The shale is light to dark gray and usually
carbonaceous, containing at places lenses of coal and coaly shale. The
sandstone beds are white, gray, buff, and brown, lenticular stream-
channel deposits of fine- to coarse-grained quartz sand.

The La Ventana tongue of the Cliff House sandstone consists of
gray, buff, and orange-brown sandstone with some interbedded thin gray
shale. The Jower part of the La Ventana -at most places consists of

several beds of medium-grained sandstone as much as 30 feet thick.
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The upper part of the unit at most places consists of thinner,tan to
crange -brown, fine- to medium-grained sandstone with gray shale
interbedded.

The litholpgy, stratigraphic relations, and fossils of the Mesa-
verde group indicate that most of it was deposited during a major retreat
and readvance of the Cretaceous sea across the region of the present
San Juan Basin. The Point Lookout sandstone was deposited mainly as
near-shore marine sand during the retreat of the sea. The Menefee
formation is a terrestrial deposit laid down mainly when the strandline
of the sea was north of the area of the present report. The La Ventana
tongue of the Cliff House sandstone was deposited in a near-shore marine
environment as the Cretaceous sea advanced southwestward back across

the San Juan Basin.

Contacts

The Point Lookout sandstone is gradational irto the underlying
Mancos shale of Late Cretaceous age. This gradation occurs in a thin
zone at the base of the Point Lockout where thin torngues of the Point
Lookout sandstone are interbedded with thin tongues of the Mancos shale.
The contact of the Point Lookout and the overlying Menefee formation is
generally sharp but appears to be conformable. The contact of the Menefee
formation and the overlying La Ventana tongue of the Cliff House sandstone
appears to be gradational and there may be considerable intertonguing

between the units locally.
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The contact of the L.a Ventana and the overlying Lewis shale of
Late Cretacéous age is gradational by intertonguing. The intertonguing
relationship made reconnaissance mapping of the contact difficult. The
top of the Mesaverde group was mapped arbitrarily as the top of the
highest ledge -forming thick sandstone of the La Ventana ;ovngue. This
arbitrarily assigned contact is not at the same stratigraphic position
across the area. At some places, particularly in the southern part of
T. 20 N., R. 1 W., thin sandstone beds are intercalated in thick gray
shale arbitrarily assigned to the lower part of the Lewis shale. These
sandstone beds thicken to the south and merge into the upper part of the
La Ventana as the intervening shale beds wedge out southward. Thus,
the top of the La Ventana tongue becomes stratigraphically higher south-
ward. The contact shown on the geologic map (Fig. 2) cuts across
lithologic boundaries and, to the south, is slightly higher stratigraphi-

cally than in areas farther north.

Age

According to Reeside (1924, p. 16) the flora and invertebrate
faunas of the Mesaverde are of Montana age, thus the age of the Mesa-

verde is about middle Late Cretaceous.

Lewis Shale
Definition
The Lewis shale of Late Cretaceous age was named by Cross,
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Spencer, and Purington (1899, p. 4) for exposures near Fort Lewis,
Colorado. The thick body of gray shale with some interbedded thin,
fine-grained sandstone and nodular lime stone beds that rests on the

Mesaverde group throughout the present area was mapped as Lewis

shale by Renick (1931), Dane (1936), and Wood and Northrop (1946).

Extent and Thickness

The Lewis shale is exposed in a belt adjacent to and west of
the Mesaverde group, and the structural attitudes of the units are simi-
lar. The Lewis shale is exposed in a wide area in T. 20 N., R. 1 W,
where it is folded on a northwestward-plunging anticline. The outcrop
belt becomes narrower to the north, and in the San Pedro Foothills
steeply-dipping soft rocks of the Lewis shale are discontinuously ex-
posed. In the Northern Hogback Belt the Lewis shale dips steeply to the
west and crops out on léw hills rising above alluviated valleys west of
the Mesaverde hogback.

Renick (1931, p. 50) measured a section from the top of the
Mesaverde to the base of what he classified as the Puerco formation
in secs. 2to 4, T. 20N., R. 1 W., and gave a thickness of about 1, 660
feet for the Lewis. Renick probably included in the upper part of the
Lewis shale rocks which Dane (1936) mapped as the Kirtland shale, and
which the presenf writer has mapped as the Pictured Cliffs sandstone of
Late Cretaceous age and the undivided Fruitland formation and Kirtland
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shale also of Late Cretaceous age. The Pictured Cliffs and the un-
divided Fruitland and Kirtland are about 170 feet thick in secs. 8 and 9,
B . I W, Thes the Lewis shuls as mappad by ihe predeit
writer is about 1, 496 feet thick in the southeastern part of the area.
The Sun Oil Co. No.1l McElvain well drilled in sec. 23, T. 21 N.,
R. 2 W. ‘penetrated about 1, 530 feet of Lewis shale. Dane (1936, p. 111)
estimated the thickness of the Lewis to be from 550 to 600 feet south of
Mesa Piedra Lumbre (Mesa Portal on Fig. 2 of the present report). In
the southwestern part of the area the Shell Oil Co. No. 1 Pool Four well
in sec. 22, T. 21 N., R. 5 W. penetrated about 500 feet of sandy shale
assigned to the Lewis.

In the north-central part of the area the Magnolia Petroleum Co.
No. 1 Jicarilla D well in sec. 24, T. 26 N., R. 3 W. penetrated about
1,470 feet of shale assigned to the Lewis. In the northeastern part of
the area the Reading and Bates No. 1 Duff well in sec. 24, T. 24 N.,
R. 1 W. penetrated about 1, 900 feet of Lewis shale. From these figures
it is apparent that the Lewis shale thins from northeast to southwest.
Much of this tixinping takes place in a short distance in the subsurface
of the southwestern part of the area. The rapid thinning occurs also at
the surface south of the area, and both Renick (1931, p. 44-45) and Dane
(1936, p. 109-111) .recognised that the thinning was largely the result of

a facies change. Most of the Lewis shale intertongues with and grades
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laterally into the upper part of the La Ventana tongue of the Cliff House
sandstone. Thuq, as the Lewis becomes thinner to the south the La

Ventana becomes thicker.

Lithology

The Lewis shale is composed of light- to dark-gra-j} fissile clay
shale with a small proportion of interbedded siltstone, fine-grained
sandstone, and nodular concretionary limestone. At most places about
the lower 100 feet of the Lewis shale contains several thin beds of
sandstone. Some of these beds can be traced laterally into the La Ven-
tana tongue of the Cliff House sandstone; thus, the lower part of the Lewis
is a zone of intertonguing between the Lewis and the Mesaverde group.

At places, thin beds of fine-grained sandstone were observed to
become calcareous as they were traced northward, and to grade laterally
into thin highly fossiliferous concretionary lime stone beds. In the North-
ern Hogback Belt a thin concretionary limestone forms a persistent
marker bed which holds up small low ridges rising above the valleys
carved in the Lewis. This limestone contains numerous well-preserved
shells of ammonites, gastropods, and pelecypods. The stratigraphic
position of this marker bed is near the base of the upper one-third of
the Lewis shale. Thin limestone and calcareous siltstone beds occur
at other stratigraphic positions also.

In the subsurface of the southwestern part of the area the Lewis
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shale is vefy sandy and silty. In this region the Lewis is only 500-
(;00 feet thick, and these beds are believed to be stratigraphically
equivalent to the clay shale of the upper part of the Lewis of the northern
part of the area. The stfatigraphic interval represented by the upper
800-1, 000 feet of the Mesaverde group in the subsurface c}'f the south-
western part of the area is probably equivalent stratigraphically to the
lower 800-1, 000 féef: of clay shale of the Lewis of the northern part of
the area.

The contained marine invertebrate fossils and the lithology of
the Lewis shale indicate that it was deposited in an off-shore environment
after the southwestward advance of the Cretaceous sea during which the
lower part of the L.a Ventana tongue of the Cliff House sandstone was
deposited. Most of the Lewis shale in the east-central part of the San
Juan Basin was deposited at a time when the strandline of the Cretaceous
sea was southwest of the present area of investigaticn. The thick tongues
of the upper part of the La Ventana sandstone were deposited as beds of
near-shore marine sand which grade northward into the deeper water

shale deposits of the Lewis.

Contacts

The contact of the Lewis shale and the underlying Mesaverde
group is trausitiona) and intertonguing. The contact of the Lewis shale
and the overlying Pictured Cliffs sandstone also is transitional and

inte rtonguing. In the subsurface of the southwestern part of the area
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an intertongujng relatio;uhip causes the top of the Lewis shale to rise
stratigraphically to the northeast as the lower part of the Pictured
Cliifs tongues out in that direction (Fig. 5). Similar intertonguing
relationships are apparent also at the surface in the southeastern part
of the area. In the SW 1/4 sec. 25, T. 20 N., R. 2 W. the Pictured
Cliffs is about 65 feet thick and contains a few beds of shale. Toward
the northeast in the NW 1/4 sec. 20, T. 20 N., R. 1 W. the lower part
of the Pictured Cliffs is represented by only a few thin tongues of sand-
stone interbedded with thick beds of shale. In this area very thin beds
of sandstone occurring in the upper part of the Lewis shale are probably
tongues of the Pictured Cliffs.

Farther north on the outcrop the Pictured Cliffs is represented
by several beds of fine-grained sandstone and interbedded shale lying
conformably on the Lewis shale. North of sec. 23, T. 21 N., R. 1 W.,
the zone of sandy shale and shaly sandstone equivaleﬁt to the Pictured
Cliffs sandstone is included with the undivided Fruitland formation and
Kirtland shale because the beds equivalent to the Pictured Cliffs are
tco thin to map separately at the scale of Figure 2. However, the thin
zone of sandy shale and shaly sandstone equivalent to the Pictured Cliffs
and resting conformably on the Lewis persists in the outcrop and the

subsurface to at least the northern edge of the area.

Age
The Lewis shale contains a fauna equivalent to part of the upper
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and middle portion of the Pierre shale of the Great Plains region

{Reeside, 1924, p. 18) and is of Late Cretaceous (Montana) age.

Pictured Cliffs Sandstone
Definition

The Pictured Cliffs sandstone of Late Cret;ceous age was named
by Holmes (1877, p. 248). The name was applied to the massive ledges
of marine sandstone exposed north of the San Juan River west of Fruit-
land, New Mexico. Reeside (1924, p. 18) redefined the formation to
include the massive sandstone ledges of Holme s and the sequence of
interbedded shale and sandstone beneath them and above the Lewis shale.

The Pictured Cliffs sandstone crops out in a nearly continuous
narrow band around the northern, western, and southern sides of the
Central basin, and has been mapped continuously by other investigators
(Bauer, 1916; Reeside, 1924; Dane, 1936) from the type locality into the
southern part of the present area of investigation. The Pictured Cliffs
is the stratigraphically lowest formation that was studied in detail during

the present investigation.

Extent and Thickness

The Pictured Cliffs sandstone crops out above the Lewis shale in
the southeastern part of the area, and a zone of thin sandstone, siltstone,

and interbedded shale believed to be equivalent to the Pictured Cliffs was
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traced along the eastern side of the area as far north as sec. 4, T. 25N.,

R. 1 E. The Pictured Cliffs is present in the subsurface of most of the area.
In the southern pa:i of T. 20 N., R. 2 W., the lower part of the

Pictured Cliffs forms low, gently sloping benches of rusty-weathering

sandstone above the I;ewis shale. The upi;er part forms steep slopes

and cliffs of soft sandstone in the lower part of the erosional escarpment

at the eastern side of Mesa Portal. On the southern slope of the butte

in the SW 1/4 sec. 25, T. 20 N., R. 2 W., the Pictured Cliffs is about

65 feet thick. To the northeast the Pictured Cliffs is covered by alluvium

in the valley of the Rio Puerco. |
Dane (1936, p. 112; 1946) reported that the Pictured Cliffs

sandstone is not present east of the Rio Puerco. However, the formation

is present and recognizable in secs. 17, 19, and 20, T. 20N., R. 1 W.,

although its beds are thin and poorly exposed at places. In this part of

the area the Pictured Cliffs forms small, sloping benches at the foot of

the mesa northwest of the broad, sloping valley cut in Lewis shale by

Senorito Creek. Inthe NW 1/4 sec. 204 T. 20 N., R. 1 W. the Pictured

Cliffs is about 60 feet thick. The lower 35 feet is silty shale containing

thin beds of concretionary siltstone and sandstone. The upper part con-

sists of sandstone and some interbedded carbonaceous shale, all about

25 feet thick, and fdrming small ledges. i
Nerthward from sec. 17, T. 20N., R. 1 W., to about the center

of sec. 23, T. 21 N., R. 1 W., the Pictured Cliffs sandstone is about
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45 feet thick, and consists of clay shale and interbedded thin, rusty-
weat hering concretionary sandstone and siltstone overlain by soft, thin,
shaly carbonaceous sandstone.

In the San Pedro Foothills and in the Northern Hogback Belt this
sequence of shale, 'concfetionary siltstone and sandstone, and overlying
shaly carbonaceous sandstone is exposed at many places, and was found
at other places by digging through a thin soil cover. In this region the
thickness of the Pictured Cliffs varies, but averages about 35 feet. North
of sec. 23, T. 21 N., R. 1 W., the Pittured Cliffs dips steeply to the
west or is vertical or overturned slightly, and its outcrop belt is very
narrow. For this reason the Pictured Cliffs north of sec. 23, T. 21 N.,
R. 1 W., was not mapped as a separate unit, but was included with the
overlying undivided Fruitland formation and Kirtland shale, although the
Pictured Cliffs is a recognizable unit as far north as sec. 4, T. 25 N.,
R. 1E.

In a landslide scar in the NE 1/4 sec. 4, T. 25 N., R. 1 E., the
rocks equivalent to the Pictured Cliffe are about 58 feet thick, and are
sandy or silty shale and several thin beds of silty fine -grained sandstone
containing carbonized plant fragments. Here the entire Pictured Cliffs
interval has become little more than a sandy zone at the top of the Lewis,
and from this avea north it was exciuded from the undivided Fruitland

formation and Kirtland shale, and was mapped with the Lewis shale.
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The Pictured Cliffs sandstone is widely distributed in the sub-
eurface of the area as determined by a study of electric logs of wells
drilled for oil snd gas (Figs. 5-7). The Pictured Cliffs is about
235 feet thick at the J. D. Hancock No. 1 well in sec. 33, T. 21 N.,

R. 5W. The thickness diminishes northeastward because of the wedge -
out of the lower part of the Pictured Cliffs into the upper part of the
Lewis shale, and the Pictured Cliffs is only about 100 feet thick at the
Humble Oil and Refining Co. No. 1 Jicarilla B well in sec. 22, T. 22 N.,
R. 5 W. Northeastward from this well the thickness diminishes gradually
" because thin sandstone tongues of the lower part of the Pictured Cliffs
wedge out into the upper part of the Lewis, and also because of deposi-
tional thinning of the Pictured Cliffs. At the Magnolia Petroleum Co.

No. 1 Cheney-Federal well in sec. 8, T. 26 N., R. 2 W., a zone of
interbedded shaly sandstone, siltstone, and interbedded silty, sandy
shale about 80 feet thick is correlated with the Pictured Cliffs sandstone.

In the subsurface of the eastern part of the area the Pictured
Cliffs thins rapidly to the north as it does in outcrops, but a thin zone
of sandy shale and shaly sandstone persists to the north as it does in the
outcrops. Because of the exaggerated vertical scale of the correlation
diagrams (Figs. 5,6, and 7) it is possible to show the Pictured Cliffs
of the subsurface as & separate unit even where it is thin, and it is not
combined with the undivided Fruitland formation and Kirtland shale in

the diagrams.
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The thickness of the Pictured Cliffs sandstone in the subsurface
tends to be more or less constant across the area in a north-northwest

direction. The main direction of thinning is from west-southwest to

east-northeast.

Litholo gy

The Pictured Cliffs sandstone is composed of varying proportions
of thin- to thick-bedded sandstone, siltstone, and shale. In the subsur-
face of the southwestern part of the area the Pictured Cliffs is mainly
sandstone, but contains beds of siltstone and shale. Northeastward the
Pictured Cliffs thins and, as judged by interpretation of electric logs
of wells, the thinning is accompanied by a gradual change from a pre-
dominantly sandstone facies to a facies of thin, argillaceous, fine-grained
sandstone, siltstone, and interbedded shale.

At the surface west of the Rio Puerco in the southeastern part of
the area, the Pictured Cliffs is about 65 feet thick, and is composed
mainly of very fine grained to medium-grained sandstone (Fig. 3). In
the SW 1/4 sec. 25, T. 20 N., R. 2 W., the lower part of the Pictured
Cliffs is mainly Qoft yellowish-brown to buff sandstone about 15 feet thick.
The middle part of this sandstone is tangentiahy cross bedded, and forms
rusty-weathering ledges. Above the sandstone is olive-colored soft
clay shale, about 5 feet thick, overlain by soft sandstone and interbedded,
poorly exposed shale about 10 feet thick. The upper part of the Pictured
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- Cliffs is about 35 feet thick and consists of two beds of fine- to medium-
grained, slightly micaceous sandstone separated by a 3-foot bed of
gray clay shale; The Pictured Cliffs is overlain by soft, argillaceous,
shaly, carbonaceous to coaly sandstone assigned to the ut;divided Kirt-
land shale and Fruit.land formation. The upper part of the Pictured
Cliffs was traced southwestward outside the area to sec. 7, T. 19 N.,
"R. 2 W. At this locality it seems to be equivalent to a sandstone, 71
feet thick, which Dane (1936, p. 116) described in a stratigraphic

section as being the basal sandstone of the Kirtland shale (Fig. 3).

However, the writer found casts of Halymenites in this sandstone,

 indicating its marine origin and indicating that it is part of the Pictured
Cliffs. Here the total thickness of the Pictured Cliffs is about 116 feet.
East of the Rio Puerco in the southeastern part of the area the
sandstone beds of the lower part of the Pictured Cliffs become very
thin, fine grained, and somewhat concretionary. The sandstone at the
base of.the formation in the NW 1/4 sec. 20, T. 20 N., R. 1 W. is about
2.5 feet thick and, at places, forms brown-weathering concretions.
Above the basal sandstone is light- to dark-gray sandy shale, about 35
feet thick, containing thin concretionary siltstone and sandstone beds.
The upper part of the Pictured Cliffs is about 22. 5 feet thick and con-
sists of two beds of fine- to medium-grained sandstone interbedded with
shale. Above the Pictured Cliffs at this locality is olive-gray, carbena -

ceous, very sandy clay shale and thin sandstone containing marine
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fossiis, and about 15.5 feet thivck. These rocks are probably equivalent
to the carbonaceous‘ shale and sandstone of the lower part of the Fruit-
land and Kirtland formationl west of the Rio Puerco. They are overlain
by a dark- brown-weathering, medium-grained to very coarse grained
sandstone, 2.5 feet thick, which forms a brown ledge at the base of
higher beds of theA undivided Fruitland formation and Kirtland shale.

Many of the beds of the Pictured Cliffs contain lignitized frag-
ments of fossil plants which are scattered through the rock and form
thin mats on bedding planes. The carbonaceous material is associated
with marine invertebrate fossils, and characterizes the Pictured Cliffs
on the eastern side of the area.

The Pictured Cliffs in the SW 1/4 NW 1/4 sec. 23, T. 21 N.,
R. 1 W. has at its base a brown-weathering, concretionary, calcareous
siltstone about 1.5 feet thick. Above this is soft carbonaceous sandy
shale and interbedded thin, lenticular, fine-grained sandstone, all about
33.5 feet thick. Above this is soft fine- to medium-grained carbonaceous
sandstone alternating with carbonaceous sandy' and silty clay shale con-
taining thin lenses of fine-grained sandstone. The sandstone and sandy
shale beds range in thickness from 2.5 to 7 feet, and the.total thickness
of the upper part of the Pictured Cliffs is about 28 feet. The Pictured
Cliffs is overlain by a soft yellowish buff sandstone 14.5 feet thick which
is assigned to th; undivided Fruitland formation and Kirtland shale.

Nortﬁ of this locality, in the San Pedro Foothills and Northern
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Hogbaék Belt, the lithology of rocks equivalent to the Pictured Cliffs
(but mapped with the overlying Fruitland and Kirtland) is generally
similar to that of the sequence described above. At most places these
rocks consist of a lower unit of shale and inte rbedded thin rusty-
weathering, concretionary sandstone 20-25 feet thick, and an upper
unit of two or mor'e soft, fine-grained, shaly sandstones whose com-
bined thickness is 15-20 feet. In sec. 4, T. 25 N., R. 1 E. rocks
equivalent to the Pictured Cliffs consist of shale with several thin beds
of siltstone and fine-grained sandstone containing plant fragments.
North of this locality these rocks are mapped with the Lewis shale,

| The lithology and marine fossils contained in the Pictured
Cliffs sandstone indicate that it was deposited in near-shore and off-
shore marine environments at a time when the shoreline of the Creta-
ceous sea was mainly southwest of the area investigated. At places
in the San Pedro Foothills, notably at the outcrops in sec. 23, T. 21 N.,
R. 1 W., part of the Fictured Cliffs sandstone consists of thin, highly
lenticular bodies of fine-grained sand interbedded with highly carbona-
ceous siltstone and clay shale containing abundant lignitized plant
fragments. The lenticular sand bodies range in thickness from less

than 1 inch to as much as 7 feet. The lateral extent of the lenses
ranges from a few inches to hundred of feet, but many of the lenses

are only a few inches to a few feet in length. The lithclogy of these

rocks is strikingly similar to that of sediments accumulating on
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extensive tidal flats at the edge of the North Sea in northern Germany.
These sediments are described and illustrated with a core by Hantzschel
(1939, p. 197-203). Accc:rding to Hantzschel, the tidal mud con;ists
of soft,unctuous, water-soaked slime éomposed mainly of fine silt and
clay containing.a srhall amount of sand and shell fragments of various
invertebrates. Fine plant detritus also is present, and excrement of
marine organisms causes the unctuous character of the mud. The
deposits are stratified, with intercalationsof thin layers of fine sand

in the argillaceous substance. The bedding is seldom strictly parallel,
but is streaky and lenticular. The alternating layers wedge out rapidly
and their thickness is not uniform. The irregular bedding is caused by
frequent reworking of the sediments by tidal and wind-driven currents
of varying strength and direction.

1f the similarity of the lenticular sandstone and carbonaceous
shale of the Pictured Cliffs and the North Sea tidal-flat sediments is
meaningful, it may indicate that part of the region of the Nacimiento
uplift was slightly emergent or was a shoal area during deposition
of the Pictured Cliffs.

No evidence was found to indicate that the region of the Naci-
miento uplift contributed much if any sediment to the Pictured Cliffs
sea. Most of the sediment of the Pictu red Cliffs sandstone in this
part of the basin probably was derived from the region southwest and

west of the San Juan Basin. Dane (1946) found that the Pictured Cliffe
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landﬁtonq of the northern part of the basin pinches out southward along
the northeastern side of the basin, indicating that highiands had arisen
north of the San Juan Basin, and deposition of the Pictured Cliffs took
place in a restricted, northwest-trending embayment of the Cretaceous
sea (Fig. 10). Sediments of the Pictured Cliffs in the northeastern part

of the basin were derived from areas north and northeast of the basin.

Contacts

The Pictured Cliffs sandstone rests conformably on the Lewis
shale and intertongues with it. In the subsurface, and at the surface
west of the Rio Puerco in the southeastern part of the area, | the Pictured
Cliffs is overlain conformably by carbonaceous to coaly shale and thin
sandstone and siltstone which are the basal parts of the undivided
Fruitland formation and Kirtland shale. Also, at many places north of
sec. 20, T. 24 N., R. 1 E., rocks equivalent to the Pictured Cliffs
are overlain conformably by sandy carbonaceous shale containing
silicified wood and thin, rusty-weathering siltstone and fine-grained
sa;ldﬁtone. These beds, 15 to 30 feet thick, are believed to be equivalent
to persistent thin, carbonaceous, shaly beds above the Pictured Cliffs in
the subsurface and to the soft carbonaceous shale and sandstone of
the Fruitland and Kirtland at the surface west of the Rio Puerco. These
carbonaceous shale beds séem to be absent at most places where the
Fruitland and Kirtland are exposed in the San Pedro Foothills. At many
of these places, rocks equivalent to the Pictured Cliffs are overlain
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with slight erosional unconformity by thin to thick, coarse-grained
sandstone whose stratigraphic position in the Fruitland and Kirtland
is higher tl;an the carbonaceous shale. Locally, the upper part of

the rocks equivalent to the Pictured Cliffs is thin or absent. Theqe
relations may be the result of slight local unconformity caused by
scouring or channeling, and seem to indicate that slight uplift or
folding occurred in the San Pedro Mountain area not long after deposi-

tion of the Pictured Cliffs.

Age

According to Reeside (1924, p. 19) the Pictured Cliffs in the
western part of the Central basin contains a littoral marine fauna of
late Montana (Late Cretaceous) age. Fossils collected from the
Pictured Cliffs south of the present area of investigation also were

considered to be of Montana age by Reeside (Dane, 1936, p. 112).

Fruitland Formation and Kirtland Shale, Undivided
/
Definition
Lying on the Pictured Cliffs sandstone throughout the area is a
thin but stratigraphi cally complex sequence of sandy carbonaceous shale,
siltstone, fine- to coarse-grained sandstone, and some bentonitic shale.
Gardner (1909, pl. 1) and Renick (1931) apparently included part of these

rocks with the underlying Lewis shale, and part of them with overlying

rocks assigned by them to the Puerco formation. Dane (1936, p. 112}
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found that these rocks ax:e equivalent to rocks mapped on the western
side of the Central basin by Bauer and Reeside (1921) and Reeside
(1924) as the Fruitland formation and Kirtland shale. The Fruitland
formation, which lies conformably on the Pictured Cliffs sandstone,
consists of varied proportions of interbedded sandstone, shale, and
coal. The formation was named by Bauer (1916, p. 274) for exposures
near Fruitland, New Mexico on the San Juan River. The Kirtland
shale, which lies on the Fruitland formation, consists of varied propor-
tions of sandstone and shale similar to the Fruitland formation but
containing little or no coal. The Kirtland shale was named by Bauer
(1916, p. 274) for exposures along the San Juan River between Kirtland
and Farmington, New Mexico. Here the Kirtland was subdivided by
Bauer into a lower shale member, the medial Farmington sandstone
member, and an upper shale member.

Dane (1936) mapped the Fruitland and Kirtland across the south-
ern part of the Central basin and into the southern part of the present
area of investigation. East of sec. 7, T. 19 N., R. 2 W. Dane (1936,
p. 115, and pl. 29) arbitrarily combined the two formations and mapped
them as the Kirtland shale, because the basis for distinguishing the two
formations was said to become less evident eastward. However, because
rocks probably equivalent to both the Fruitland formation and the Kirt-

- land shale occur in the present area of investigation, the rocks mapped

as Kirtland shale by Dane (1936) are designated in the present report
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as the undivided Fruitland formation and Kirtland shale.

Extent and Thickness

The u;xdivided Fruitland formation and Kirtland shale are pre-
sent above the Picfured Cliffs sandstone throughout the present area of
investigation. Fruitiand and Kirtland rocks crop out in the southwestern
and southern parts of the area where they form low rounded hills and
benches and steep slopes beneath cuestas held up by the overlying
Ojo Alamo sandstone of Tertiary(?) age. West of the present area,
in T. 20 N., R. 6 W., the combined thickness of the Fruitland and
Kirtland was estimated to be slightly less than 600 feet (Dane, 1936,
p. 114). The sequence thins eastward, and in the NW 1/4 sec. 25 and
NE 1/4 sec. 26, T. 20 N., R. 2 W. the Fruitland formation and Kirtland
shale are about 246 feet thick. In the SE 1/4 NE 1/4 sec. 8 and SW 1/4
NW 1/4 sec. 9, T. 20 N., R. 1 W. the sequence is 126 feet thick.

Dane (1936) mapped the combined Fruitland and Kirtland forma-
tions as the Kirtland shale from T. 19 N., R. 2 W. into T. 21 N., R.
1 W. From there northward, laterally equivalent beds were said by Dane
(1946) to be included in the Lewis shale as far north as the southern part
of T. 25 N., R. 1 E. However, detailed examination and mapping of
outcrops in the San Pedro Foothills and Northern Hogback Belt by the
present writer indicate that, throughout this area, the undivided
Fruitland formation and Kirtland shale are a persistent lithologic

unit which is differentiated easily from the underlying Lewis shale.
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Judging from Dane's (1;946) stratigraphic sections measured in T. 23+
24 N., R. 1 W., and T. 24-25N., R. 1 E., beds which he included at
different piaces in the upper part of the Lewis shale and the Ojo Alamo
sandstone, and in the lowest parts of the Nacimiento formation of Tertiary
age and the Animas formation of Cretaceous and Tertiary age, are equiva-
lent to the unit mapped by the present writer as the undivided Fruitland
£ormn.ti§n and Kirtland shale. As previously discussed, thin beds
equivalent to the Pictured Cliffs sandstone north of sec. 23, T. 20 N.,
R. 1 W. were mapped also with the Fruitland and Kirtland by the present
writer.

In the San Pedro Foothills the Fruitland and Kirtland rocks dip
very steeply to the west, or locally are vertical or overturned slightly,
and form a narrow, discontinuously exposed belt of soft, rounded sand-
stone ledges with intervening thin to thick beds of soft dark-gray and
olive-green shale. In the Northern Hogback Belt the sequence dips
steeply to the west and forms low ridges and slopes west of the slopes
and valleys cut in the Lewis shale. The thickness of the undivided
Fruitland formation and Kirtland shale is varied because of slight
angular discordance and erosional unconformity with the overlying Ojo
Alamo sandstone. In the NW 1/4 SE 1/4 sec. 11, T. 21 N., R. 1 W.
the sequence is about 128 feet thick, including at the base 27 feet of
sandstone and shale equivalent to the Pictured Cliffs sands-tone . On the
north side of San Jose Creek in the SW 1/4 NE 1/4 sec. 34, T. 23 N.,
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R. 1 W. the sequence is about 220 feet thick, including about 31 feet of
sandstone gnd shale equivalent to the Pictured Cliffs. South of Almagre
Arroyo in the NE 1/4 sec. 2, T. 23 N., R. 1 W. the undivided Fruit-
land formation and Kirtland shale are about 84 feet thick, including 33
feet of poorly exposed sandstone and shale equivalent to -the Pictured
Cliffs.

North of sec. 20, T. 24 N., R. 1 E. the undivided Fruitland
and Kirtland thicken, and near the center of sec. 8, T. 24 N., R. 1 E.
they are about 200 feet thick, including 46 feet of poorly exposed sand-
stone and shale equivalent to the Pictured Cliffs. North of here the
sequence thickens and thins. It is about 280-300 feet thick, including
35 feet of poorly exposed beds equivalent to the Pictured Cliffs, in the
NE 1/4 NW 1/4 sec. 29 and NE 1/4 sec. 17, T. 25N., R. 1 E. Farther
north in T. 26 N., R. 1 E., the sequence is less than half this thickness,
because upper beds are cut out by an unconformity at the base of the
overlying Ojo Alamo sandstone.

In the subsurface of the part of the area east of the Continental
Divide the thickness of the undivided Fruitland formation and Kirtland
shale varies as it does in the outcrops. However, in the subsurface
west of the di&ide, the sequence thickens irregularly westward. In the
northwestern part of the area th» sequence is about 450 feet thick at
the Northwest. Production Co. No. 1-7 Jicarilla 152 well in sec. 7, T. 26

N., R. 5W. (Fig.7). In the subrurface of the southwestern part of
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the area the sequence is 300-400 feet thick (Fig. 5).

The undivided Fruitland formation and Kirtland shale consist
of varied proportions of dark- to light-gray and clive-green clay shale,
bentonitic clay, sandy shale and siltstone, and interbedded white, buff,
brown and gre;snish-gray, fine-grained to very coarse grained sand-
stone. Carbona;eous to coaly shale is present locally in the lower
part. At> many places on the southern and eastern sides of the area the
sequence consists of three more or less distinguishable lithologic units.
These units, called units A, B, and C in this report (Fig. 3). are
believed to correlate generally with parts of the Fruitland formation
and the Kirtland shale as mapped by Dane (1936) southwest of the pre-
sent area. Inasmuch as the stratigraphy of these rocks is complex, the

units are described in considerable detail in the following pages.

Unit A

The lower unit, which is probably equivalent to part of the
Fruitland formation, rests conformably on the Pictured Cliffs sandstone,
and is here called unit A for convenience of discussion. At the surface
in the southeastern part of the area, unit A consists of dark-gray,
carbonaceous, silty, clay shale with interbedded thin sandstone and
siltstone, and a few thin lenses and persistent beds of impure coal near
the base. Unit A is a little more than 50 feet thick in the stratigraphic
section measured by Dane (1936, p. 116, beds 3-12 from the base)
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in the SE 1/4 sec. 7, T. 19 N., R. 2 W. (see Fig 3). On the outlying
butte in the SW 1/4 sec. 25, T. 20 N., R. 2-W. unit A is about 28 feet
thick.

In the San Pedr6 Foothills, unit A seems to be present but thin
at some places and absent at other places. In the SW 1/4 NE 1/4 sec.
27, T. 23 N., R. 1 W., beds of unit A are exposed on a low hill in
the valley. He fe unif A contains a thin bed of concretionary-weathering
fine-grained sandstone containing the marine pelecypod Inoceramus sp.
This sandstone is believed to correlate with thick marine éandstone in
unit A farther north. Similar thin, rounded-weathering, buff sandstone
beds are present in outcrops on the abandoned Gallina highway in the
center of sec. 22, T. 23 N., R. 1 W. where unit A is a little more than
60 feet thick and rests on rocks equivalent to the Pictured Cliffs (but
mapped with the Fruitland and Kirtland).

Farther north, in the Northern Hogback Belt, unit A is thinner
than this at most places, but thickens locally in the NE 1/4 sec. 36,

T. 24 N., R. 1 W. where it contains the thin marine sandstone. The

unit thins to 10-30 feet in secs. 30, 29, and 20, T. 24 N., R. 1 W. In
this vicinity it is represented mostly by soft, yellowish, fine- to medium-
grained marine sandstone underlain by ironstone-bearing, dark-gray
carbonaceous shale resting on rocks equivalent to the Pictured Cliffs.

The marine sandstone is overlain unconformably at many places by
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coarse-grained sandstone of unit B of the Fruitland and Kirtland.

North of the center of sec. 20, T. 24 N., R. 1 E. unit A
thickens. At the center of sec. 8, T. 24 N., R. 1 E. the unit is about
200 feet thick. The lowe-‘r part of unit A consists of silty, olive-gray
shale about 25‘fe‘et thick, and the overlying marine gandstone has thick-
ened to about 60 feet. The upper part of unit A is covered. Farther
north, in T. 25 N., R. 1 E., unit A is thinner, and the marine sand-
stone is overlain by coarse-grained sandstone of unit B of the Fruitland-
Kirtland.

In the NW 1/4 sec. 29, T. 25 N., R. 1 E. unit A is about 128
feet thick. Here it consists of lower beds of carbonaceous silty shale
overlain by the thick marine sandstone which is poorly exposed, but

is probably about 60 feet thick. It has some coarse grains and contains

casts of Halymenites. The marine sandstone is overlain by dark-gray

to olive-green carbonaceous shale overlain in turn by coarse-grained
sandstone of unit B of the Fruitland and Kirtland. The rocks of unit A
at this locality were considered by Dane (1946, stratigraphic section 7)
to be in the upper part of the Lewis shale.

The stratigraphic sequence of unit A is about the same at expo-
sures on the ridge in the SE 1/4 NE 1/4 sec. 17, T. 25N., R. 1 E.
where there are two thick beds of brown to light-olive weathering,

Halymenites-bearing sandstone separated by a bed of silty shale. The

total thickness of the two sandstone beds and included shale is about

85 feet. The sandstones are overlain by olive-colored and gray shale
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with thin interbedded sandstone. This upper shaly part of unit A is
about 86 feet thick and is overlain by a hard ledge-forming, light-tan
sandstone at the base of uhirt B. The thin sandstones in the upper shale
of unit A thicken rapidly to the norfh from the point of measurement and,
within a few. hundred feet, most of the upper 86 feet of unit A consists
of massive, ledge-forming, medium- to coarse-grained, cross—bedded
sandstone. This sandstone, and the overlying hard, ledge -forming
sandstone of unit B of the Fruitland and Kirtland, were included by
Dane (1946, stratigraphic section 8) in the lower part of the Animas
formation. |

The sandstone of the upper part of unit A and the basal sandstone
of unit B, combined, form a prominent ledge, 60-100 feet thick, as far
north as the center of sec. 4, T. 25 N., R. 1 E. where the upper part
of unit B is cut out by the Ojo Alamo sandstone which then rests on the
sandstone beds of units A and B. From here north to the edge of the
area the massive sandstone on the cuestas above the Lewis shale is
composed of combined sandstone beds of the upper part of unit A, the

lower part of unit B, and the Ojo Alamo.

The Halymenites-bearing sandstone of the lower part of unit A

is concealed or very poorly exposed for almost 2 miles north of sec.
17, T. 25N., R. 1 E. Inthe NW 1/4 NE 1/4 sec. 4, T. 25N., R. 1 E.
the upper part of the Lewis shale and the overlying cliff-forming

sandstones are well-exposed in a landslide scar. Here beds equivalent
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to the Pictured Cliffs sandstone are represented by several very thin
sandstone beds intercalated with thick shale. Above this is a slope-
forming, greenish-gray, soft, silty, shaly sandstone about 35 feet

thick which probabh.( represents the lower part of the Halymenites-

bearing sandstone. This is overlain by sandy clay.sh_ale about 20 feet
thick, in turn overlain by a bed of fine-grained sandstone 3.5 feet
thick which may b‘e part of the upper Halymenites-bearing sandstone.
These beds are overlain by coarse-grained sandstone of the upper part
of unit A which seems to rest on the marine sandstone with slight
erosional unconformity. The soft sandy beds representing the lower
part of unit A of the Fruitland and Kirtland were traced by their green-
ish color along the base of the overlying cliff-forming sandstones to

the northern edge of the area.

Unit B

Resting with local erosional unconformity on unit A is a sequence
of rocks probably equivalent to part of the Kirtland shale. These rocks
are informally called unit B of the undivided Fruitland formation and
Kirtland shale for convenience of discussion. The basal part of unit B
is a fine-grained to very coarse grained sandstone, usually light yellow-
ish gray or buff, cross bedded,and contains at many places large
masses of gray and white silicified wood. This sandstone is composed

mainly of angular to well -rounded quartz sand and granules, but at
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most pl(acen contains al.sorgraina of weathered pink and white feldspar,

and pink and green rock fragments. At places, the sandstone contains
small roun&ed grl}, white, and red siliceous pebbles. The thickness of the
n.nﬁatone varies considerably, ranging from only a few feet to as much

as 75 feet. Thi_.s basal sandstone of unit B seems to be continuously
distributed along the eastern side of the area, but this conclusion

cannot be demonstrated by tracing of the sandstone because of the
discontinuity of outcrops.

Above the basal sandstone, the rocks of unit B consist mainly of
light- to dark-gray, olive-green, and olive-gray clay shale with lesser
amounts of interbedded white, buff, and yellow, fine-grained to very
coarse grained lenticular sandstone. Much of the clay is silty and sandy,
aﬁd the sandstone and clay beds intergrade ve rtically and horizontally.
Scme of the clay beds weather to purplish or reddish streaks. Benton-
itic clay is common, particularly in the beds immediately above the
basal sandstone. The swelling of this clay during weathering causes
the characteristic hummocky, cracked and fissured outcrops of parts
of unit B. This characteristic of unit B contrasts with the characteris-
tics of clays in unit A which do not swell during weathering. The aspect
of the somber shale and sandstone of unit B is similar to that of the
lower part of the Nacimiento formation in the southern and southeastern
parts of the area. Unit B is persistent across most of the southern and
eastern parts of the area but it varies in thickness because of an
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erosional surface at the top of the unit.

In the section measured by Dane (1936, p. 116) just south of
the present area in the SE 1/4 sec. 7, T. 19 N., R. 2 W.(see Fig. 3)
beds correlated with unit B are 143 feet thick, and are overlain uncon-
formably by coarse sandstone of the Ojo Alamo. In a composite section
measured on the outlying butte in the SW 1/4 sec. 25, and on the
topographic spur in the NW i/4 sec. 25 and NE 1/4 sec. 26, T. 20 N.,
R. 2 W., unit B is about 125 feet thick. The basal sandstone, about 20
feet thick, consists of fine- to coarse-grained, pebble-bearing, cross-
bedded sandstone containing silicified wood. The lower part of the
sandstone is resistant. Above this, unit B consists of soft white sand-
stone, and dark-gray to olive-gray bentonitic shale with some soft
sandstone interbedded. Unit B is overlain with slight erosional uncon-
formity by hard, ledge-forming sandstone of unit C.

East of the Rio Puerco in the NW part of T. 20 N., R. 1 W. and
the SE part of T. 21 N., R. 1 W. the lithology of unit B is similar to
that described ab:ove. The thickness ranges from 63 feet in the NW 1/4
sec. 20, T. 20 N., R. 1 W. where it is overlain by unit C, to about
130 feet in the NE 1/4 sec. 8 and NW 1/4 sec. 9, T. 20N., R. 1 W.,
and about 85 feet in the NE 1/4 sec. 22, T. 21 N., R. 1 W. where it is
overlain by the Ojo Alamo sandstone. The basal sandstone ranges from
about 12 feet thick to neariy 30 feet thidk, and ranges from fine -grained
to very coarse grained. Here, and in the San Pedro Foothills, most
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of the underlying unit A seems to be misssing, probably because of re-
moval by erosion prior to deposition of unit B.

In the San Pedro Foothills the undivided Fruitland formation and
Kirtland shale are discontinuously exposed, but unit B seems to be
continuously distributed. Its thickness ranges froxh about 98 feet near
the center of sec. 11, T. 21 N., R. 1 W. to about 188 feet in the SW 1/4
SE 1/4 sec. 34, T. 23 N., R. 1 W. Unit B is-overlain by the Ojo Alamo
sandstone here and in the Northern Hogback Belt.

In the Northern Hogback Belt, unit B .is relatively thin as far north
as the southern part of T. 24 N. , R. 1 E. In exposures on the abandoned
Gallina highway near the center of sec. 22, T. 23 N., R. 1 W, .unit B
rests on rocks assigned to unit A. The basal sandstone of unit B is
tentatively identified as the cross-bedded sandstone about 43 feet thick,
and about 95 feet above the top of the Lewis shale. Above this is olive-
green to olive -gray shale about 31 feet thick, overlain by poorly exposed
sandstone more than 3 feet thick. The upper part of unit B is concealed,
as is the Ojo Alamo sandstone which is believed to overlie the Fruitland
and Kirtland. Mr. R. L. Reed reports that a water well penetrated
coarse, conglomeratic sandstone about where the Ojo Alamo should be
expected in the valley southwest of the exposures of the Fruitland and
Kirtland. Poor exposures of soft coarse sandstone assigned to the Ojo
‘Alamo were observed at the edge of a small alluviated valley north of
here.
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In the NE 1/4 sec. 15, SE 1/4 sec. 10, and SW 1/4 sec. !
T. 23 N., R. 1 W. the basal sandstone of unit B forms a strong. ceacly
vertical hogback or rib rising above the valley. This sandstone iz white
and is composed of cross-bedded, well cemented, fine- to coarse-grainea
sand containing numerous silicified logs. The basal sandstone of urit B
at this locality is strikingly similar to the basal sandstone in sec. 45,
T. 20N., R. 1 W. The sandstone is apparently a stream-channe!l
deposit, being thickest (about 40 feet) in the SW 1/4 sec. 11, and rest-
ing unconfo rmably on a thin remnant of unit A. This sandstone probably
is the unit assigned to the Ojo Alamo by Dane (1946, stratigraphic section
2); however, the present writer found that the sandstone is overlain by
gray shale and interbedded sandstone similar to the upper part of unit
B farther south. On the lower slope of the hill west of the rib,soft
coarse -grained, conglomeratic sandstone assigned by the present writer
to the Ojo Alamo is exposed poorly.

The Fruitland and Kirtland and the overlying Ojo Alamo sand-
stone are well exposed along the ridge in sec. 2, T. 23 N., R. 1 W.
In the NE 1/4 of this section unit B is a little more than 60 feet thick.
The basal sandstone forms a low ridge of fine- to coarse-grained
sandstone about 9 feet thick. This is overlain by light- to dark-gray

and olive-green, silty clay shale and bentonitic shale containing lenti-

cular sandstone, all about 42 feet thick. This is overlain by medium-

to coarse-grained, ledge-forming sandstone containing lenses of pebble
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conglomerate at the base. This conglome ratic sandstone, about 94 (eet
thick, is assigned to the Ojo Alamo. To the north in sec. 36, T. 24 N.,
R. 1 W. near the south end of the long ridge north of Almagre Arroyo,
the Fruitland-Kirtland and Ojo Alamo sequence are similar o that
.described above.

At exposures in the SE 1/4 NE 1/4 sec. 30, T. 24 N., R. 1 E..
near the Northcutt Ranch, the basal sapduone of unit B is tentatively
identified as a hard, brown-weathering sandstone 3 feet thick, which
seems to rest uncc:mformably on the :oftef marine sandstone of unit A.
The beds overlying the hard sandstone are poorly exposed dark-gray
sandy clay shale about 30 feet thick. These beds are overlail‘\ by poorly
exposed pébble -bearing sandstone of the Ojo Alamo. |

On the ridge in secs. 20 and 17, T. 24 N., R. 1 E. a poorly
exposed pebble-bearing, coarse-grained sandstone cohtaining silici~
fied wood is probably the basal sandstone of unit B; In the center of
sec. 20 this sandstone seems to be rgsting on fine - to medium-grained
soft marine sandstone of unit A, but exposures are to§ poor to be
certain. To tfxe north, in sec. 17, unit A thickens and the basal sandstcne
of unit B rests on shale and interbedded sandstone of the upper part
of unit A. It is possible that the sandstone here called the basal sandstone
of unit B is a part of the Ojo Alamo, but the basal sandstone is overlain
by gray sandy shal_e. in turn overlain by a thick soft sandstone which crops

out sporadically, and is assigned to the Ojo Alamo. The outcrops are too
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poor and too discontinuous to be certain, but the relations as described
seem to be correct,

Near the cetitex; of sec. 8, T. 24 N., R, 1 E, the basal sand-
stone of unit B seems to be a ledge-formingr@ yellowish gray,
medium-grained sandstone about 74 feet thick, and containing silicified
wood. The upper part of this sandstone is poorly exposed and overlying
beds are concealed at the point of measurement, Howefcr.‘ the area :
immediately west of this sandstone is a low, rounded hill which probably
is held up by the Ojo Alamo sandstone. The exposed sandstone assigned
to unit B seems to correlate with a westward-thinning sandstone beneath
the Ojo Alamo in the subsurface farther westr (Fig. 6). "ww

On the ridges between Arroyo Blanco and Canyoncito de lu Yeguas,
the undivided Fruitland formation and Kirtland shale are exposed better
than to the south, but the outcrops are discontinuous. In sec, 5, T. 24
N., R. 1 E. rocks equivalent to the Pictured Cliffs sandstone and unit
A are well exposed. Here the upper marine sandstone of unit A seems
to be overlain directly by fine- to coarse-grained, ledge-forming
sandstone containing silicified wood. These combined sandstone beds
are about 100 feet thick, and no sharp lithologic contact was observed
between the lower part,which is fine~ to mediuri;-grained, and the upper
part which contains coarse grains and silicified wood. It is possible
that the upper part is the basal sandstone of unit B, and that the con-

tact with the underlying sandstone of unit A is obscured because of
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reworking. This postulated relationship would be similar to that which
can be observed in outcrops in sec. 17, T. 25 N., R. 1 E., aaf which
was described in the discussion of unit A (p. 65). The sandstone which
contains silicified wood is 'overlain by poorly exposed olive-green and
dark-gray shale assigned also to unit B. Low sandy hills west of this
shale are probably underlain by the Ojo Alamo sandstone. Exposures
are quite similar in the NW 1/4 sec. 32, T. 25 N., R. 1 E. Here the
upper, ledge-forming part of a sandstone, on which an Indian ruin is
situated, is believed to be the basal sandstone of unit B. Softer, fine-
grained sandstone below the resistant sandstone is probably part of
unit A.

In the NW 1/4 sec. 29, T. 25N., R. 1 E. the basal sandstone
of unit B forms a ledge about 20 feet thick consisting of light-tan, fine-
to coarse-grained sandstone. The upper part of this sandstone is con-
cealed as are the overlying 50 feet of beds. West of this is a low sandy
hill probabiy underlain by the Ojo Alamo sandstone. The sequence in
the NE 1/4 sec. 17, T. 25N., R. 1 E. is similar. Here the basal
sandstone of unit B contains silicified wood, is about 14 feet thick, and
forms a strong ledge above shale of the upper part of unit A. Dane
(1946) tentatively correlated this sandstone with the Ojo Alamo. North-
ward, beds of the upper part of unit A thicken and, with the overlying

basal sandstone of unit B, form a massive ledge 60-100 feet thick.
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These rocks were assigned to the Animas formation by Dane (1946,
stratigraphic section 8). Inthe SE 1/4 SE 1/4 sec. 8, T. 25N,, R, 1 E.
the basal undctoné of unit B is overlain by poorly exposed gray and
olive-green shale estimated to be about 100 feet thick. These beds are

\
believed to be the upper part of unit B, and are overlain by a ledge-
forming, thick, coarse-grained, pebble-bearing sandstone correlated
with the Ojo Alamo.

Near the center of sec. 4, T. 25 N., R. 1 E, the upper shale of
unit B is cut out by a slightly angular erosional unconformity, and the
Ojo Alamo sandstone rests on the combined sandstones of unit B and
unit A from here to the northern edge of the area. Locally, as in the
SW 1/4 sec. 21, thin remnants of the upper shale of unit B intervene
between the sandstones of the Fruitland-Kirtland and the Ojo Alamo,
and facilitate the mapping of a contact between the sandstones. Else-
where the contact is drawn at a topographic notch 60-100 feet above

the base of the Fruitland-Kirtland sandstone beds. This contact is

only approximate at most places.
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Unit C

- Resting on unit B in the southeastern part of the area 1s a unit
consisting of thicl;, ledge -forming, fine- to coarse-grained aasdstone
beds with some int?rca.h.ted slope -forming beds of dark-gray, olive-
green, and purplish shale and fine-grained sandstone. These rocks,
here called informally unit C of the undivided Fruitland formation and
Kirtland lhaie. are similar to the overlying Ojo Alamo sandstone. How-
ever, the rocks of unit C are separated from overlying and underlying
rocks by erosional unconformities. 3

In the NE 1/4 sec. 26, T. 20 N., R. 2 W. the sandstone and
interbedded shale of unit C are well exposed on an eastward-projecting
spur of Mesa Portal (Fig. 3). The sandstone beds hold up two promi-
nent topographic benches separated by slope -forming shale and are
similar to the overlying Ojo Alamo sandstone which caps Mesa Portal.
On the spur the sandstone and interbedded shale of unit C are about 90
feet thick. Southward along the east side of Mesa Portal the two sand-
stones of unit C merge to form a massive, cliff-forming unit almost
100 feet thick at places in the escarpment of the mesa. Although the
sandstones of unit C are persistent for considerable distances their
thickness is erratic, and locally they grade lateraliy into shale. In
places the sandstone of unit C is overlain by shale, in turn cverlain
unconformably by the persistent Ojo Alamo sandstone which is 50-100
feet thick and which caps Mesa Portal. At several places on the east
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. face of Mesa Portal--notably in the NE 1/4 NW 1/4 sec, 35, T. 20N.,
R. 2 W. --the Ojo Alamo sandstone thickens abruptly, and the ercsion
surface at its base cuts out the shale at the top of unit C, and also cuts
out most of tﬁe thick sandstone of unit C. Near the southeastern edge
of Mesa Portal (south of the present area) the sandstones of unit C
wedge out laterally into shale and, at the end of the mesa the Ojo Alamec
rests ;:m shale equivalent to the sandstones of unit C.

North and northeast of Mesa Portal, om both sides of the Rio
Puerco, sandstone beds of unit C hold up topographic benches below
the Ojo Alamo. In the NW 1/4 sec. 20, T. 20N., R. 1 W. unit C is
about 120 feet thick. The lower sandstone is about 40 feet thick but
its thickness varies considerably along the outcrop because it rests on
a channeled erosion surface at the top of unit B. The medial shale and
soft sandstone of unit C are almost 55 feet thick. The upper sandstone
is about 25 feet thick and locally forms a ledge beneath the Ojo Alamo.
The thickness of the upper sandstone varies considerably because it
locally grades laterally into shale. At places this sandstone is overlain
by olive-gray shale, but at other places the shale is cut out by an
erosional surface at the base of the Ojo Alamo. Unit C appears to have
been truncated by the Ojo Alamo sandstone in the eastern part of sec. 8,
T. 20 N., R. 1 W. where the total thickness of the undivided Kirtland

shale and Fruitland formation is about 126 feet in contrast to a thickness

76



of 246 feet west of the Rio Puerco.

The beds of unit C are not known to occur at the surface in
the eastern part of the area except at the above ~described localities.
The sandstone beds in the upper part of the Fruitland and Kirtland in

: . 5 :

the SW part of T. 20 N., R. 5 W. are probably squivalent to unit C.
These rocks are absent locally to the east. It is possible that unit C
is actually equivalent to the rocks in the Northern Hogback Belt that
were correlated with unit B, but subsurface data seem to indicate that
the rocks equivalent to unit C are not present at the surface in the

Northern Hogback Belt.

Subsurface Correlations

Units A, B, and C of the undivided Fruitland formation and
Kirtland shale can be recognized in the subsurface of the area investi-
gated. The units were not designated o'n the subsurface correlation
diagrams, but their approximate positions can be determined by com-
paring the surface stratigraphic sections in Figure 3 with the equivalent
sections on Figures 6 and 7.

In the subsurface of the southern part of the area, units A and
B are represented mainly by shale containing beds of thin siltstone and
carbonaceous sandstone and, near the base of unit A, a few thin beds of
coal or coaly shale. In the central part of the area, in the int.erval of

unit A, there are several thin beds of siltstone and shaly fine -grained
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sandstone interbedded in thick shale. The ailtlto:ﬁ and sandstone eds
persist northward and thicken gradually until, in the sorthern part of

the area, the beds pass into fine-grained sandstone, and merge to {orm
a unit of sandstone 60-80 feet thick. This sandstone correlates with the

Halymenites -bearing marine sandstone of unit A exposed at the surface

in the Northgrn Hogback Belt.

| Above the sandstone, Qiltltone. and shale of unit A is another
similar sequence of thin siltstone and fine-grained sandstone which
thickens northward and correlates with the basal sandstone of unit B
in the Northern Hogback Belt. This sandstone, locally 60-80 feet
thick, is a conspicuous bed below the Ojo Alamo and above the Haly-
menites-bearing sandstox;e in logs of wells drilled in the eastern part
of the basin in Tps. 23 and 24 N., R. 1 E. and R. 1 W. The sandstone
beds of unit B thicken also eastward (Fig. 7).

Sandstone and shale of unit C seem to be fairly persistent in the
subsurface across the southern half of the area, and probably correlate
with sandstone and shale in the upper part of the undivided Fruitland
formation and Kirtland shale (the upper part of the Kirtiand shale as
mapped by D#ne. 1936) in.tho SW part of T. 20 N., R. 5W. The sand-
etone beds of unit C seem to thin to the northeast and north across most
of the area, and grade into shaly sandstone and siltstone interbedded
in shale., These upper beds of the Fruitiand and Kirtland are locally
cut out by the Ojo Alamo sandstone, and in the east-central and north-
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eastern part of the area the top of the Fryitland-Kirtland seems tc be
below the stratigraphic position of unit C,

The erosiopal unconformities between units of the undivided
Fruitland formation and Kirtland shale in outcrop areas along the
eastern e;:lge of the Central basin are present alse in the subsurface
along the egstern margin of the basin. This is shown by the uneven
thicicening and thinning of parts of the Fruitland and Kirtland penetratedr
by wells. However, in the subsurface of most of the area the units of
the Fruitland-Kirtland are nearly parallel. Across the southern part
of the area between exposures west of the Rio Puerco and the Hancock
No. 1 Brown well in sec. 33, T. 21 N., R. 5 W. units A and B increase
in thickness from about 155 feet in the east to about 280 feet in the west.
This suggests a slightly angular erosional unconformity at the base
of unit C. Evidence of erosion was observed at the base of this unit at
surface exposures in sec. 20, T. 20 N., R. 1 W., and on the eastern

side of Mesa Portal.

General Discussion

The lithology and fossils of the units of the Fruitland formation
and Kirtland shale give evidence of the environments in which they were
deposited. The sediments of unit A probably were deposited in a marine
and brackish-water environment as indicated by their fine-grained,
even-bedded nature, and by their content of coaly material and
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marine fossils. The "Lewis shale' florule and faunule of Andersun
{1960; p. 8) was collected from rocks in the NE 1/4 sec. 4, T, 25 N, ,
R. 1 E. which the present writer assigns to the middle part of unit A

of the Fruitland and Kirtland. On the basis of contained spores, pollen,
foraminifer;, dinoflagellates, and hystrichosperids, Anderson concluded

that the sediments were deposited in brackish water. Halymeniies,K which

is common in the sandstones of unit A, is of uncertain affinities, but in
the San Juan Basin it seems to occur only in marine rocks. The marine

peiecypod Inoceramus sp. also occurs at places in these sandstones.

The basal sandstone of unit B in outcrop areas has the general
lithologic characteristics of stream-channel deposits and contains abun-
dant fossil wood indicating a terrestrial environment of depos-ition. The
carbonaceous bentonitic shale and fine-grained sandstone of the upper
part of unit B indicate deposition in still water in swampy or lacustrine
environments. The Kirtland shale florule of Anderrson (1960, p. 5)
was collected in the east-central part of sec. 8, T. 20N., R. 1 W.
from rocks assigned to unit B. The florule is said to be spores and
pollen of vegetation of the immediate area deposited in a swampy envir-
onment.

The rocks of unit C exposed at the surface also seem to have
been deposited in stream-channel and floodplain environments. Sand-
stone beds of the undivided Fruitland formation and Kirtland shale
range in grain size from very fine to very coarse, and contain small
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pebbles at places. Some of the fine- to medium-grained sand is well-
rounded grains of quartz probably derived from the source areas to the
southwest which supplied the sediment of older Cretaceous rocks. How-
ever, much of this sand could have been derived also from erosion and
reworking of older Cretaceous rocks.

The lithology of many of the sandstone beds of the Fruitland-~
Kirtland is dissimilar to the lithology of the underlying Pictured Cliffs
sandstone and the Mesaverde group, and indicates source terranes
different from those of most of the older Cretaceous rocks. Much of
the sand of the Fruitland and Kirtland is composed of coarse -grained
to granule-size, angular to subangular quartz, pink and green chert
and rock fragments, and pink and white feldsba.r fragments. Pebbles
consisting of quartz, quartzite, chert, and volcanic rock are present
at places. The stratigraphically highest rocks of the Colorado Plateau
:eéion from which materials of this type could have been derived are
those of the Dakota sandstone of Early(?) and Late Cretaceous age.
Rocks of the Morrison formation (Jurassic) also contain material of
this type. The feldspar fragments in the Fruitland-Kirtland sandstones
do not necessarily indicate a source terrane of Precambrian granitic
rocks, inasmuch as arkosic rocks occur in the Chinle formation
(Triassic), the Cutler formation and equivalent rocks (Permian), and
the Magdalena group and equivalent rocks (Pennsylvgnian) in uplifts

bounding the San Juan Basin.
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The Halymenites -bearing marine sandstone of umit A is « omposed

mainly of fine- to medium-grained sand but contains a few beds of coarse-
grained sand. This sand also contains biotite and other ferromagnesian
minerals and is slightly different from the Pictured Cliffs sandstone.

The bentonitic clay shale of the Fruitland-Kirtland is consider-
ably different from the shale of underlying Cretaceous formationa. The
bentonitic shale probably is altered volcanic ash. To generalize, sedi-
ments of the Fruitland-Kirtland sequence reflect tectonic changes in the
San Juan Basin and adjacent regions and are the oldest direct evidence
of Laramide disturbances in this region.

The changes in thickness and grain size of the rocks of the
Fruitland and Kirtland give evidence of the direction of source areas of
sediments of the units. As previously discussed, the Pictured Cliffs
sandstone of the present area was deposited probably as near-shore and
neritic sediments derived from regions south of the present area of
investigation. Dane (1946) has shown that the Pictured Cliffs sandstone
of the northern part of the San Juan Basin thins and wedges out southward
north of the present area, indicating that late in Pictured Cliffs time a
part of the Cretaceous sea was restricted into an embayment (Fig. 10)
in the eastern part of the Colorado Plateau. The sediments of unit A
in the southeastern part of the area are shale containing coaly beds and

thin sandstone deposited in a brackish environment at the southern edge
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of the embayment of the Cretaceous sea. Similar rocks of :e Fruitland
formation were deposited on the northern edge of the emba) ment {(Zapp,
1949; Wood, Kelley, and MacAlpin, 1948; Dane, 1946). Duving deposi-
tion of these rocks the region of the Central basin must haveg subsided
and the mafine waters deepened and spread laterally.  The area of the
Nacimiento uplift may have been a shoal area on which sediments of

unit A were very thin. The Halymenites-bearing marine sandstone of

unit A thickgns and coarsens northward, and its sediments were de-
rived probably from a highland rising north of the marine embayment
in the vicinity of the present San Juan Mountains.

After the deposition of unit A; slight folding occurred on the
eastern margin of the San Juan Basin, and rocks of unit A were slightly
eroded on the edge of the basin. Terrestrial deposits of unit B then
were laid down on unit A. The sandstones of unit B grade laterally
into thin persistent beds of shaly sandstone and siltstone enclosed in
thick shale in the subsurface of the southwestern part of the area. This
gradation takes place both westward and southward, indicating that
source areas of these sediments were east and northeast of the present
San Juan Basin. The distal (western) parts of the sandstones of unit B
are so fine-grained and persistent in the subsurface that they appear
to have been deposited in a marine or lacustrine environment. Possi-
bly this environment was a remnant of the former embayment of the
Cretaceous sea isolated (or nearly isolated) from the eastward-
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retreating sea by the rise of highlands east of the present area. Unit

C, presert in the .out:hern part of the area, seems to rest with slight
unconformity on unit 'B, indicating that further slight folding and uplift
toock place along the eastern edge of the basin after deposition of unit

B. The basin may have been tilted slightly to the west at this time as
was postulated by Silver (1950, p. 112, 119-121, and figs. 3 and 7).

The sandstones of unit C also thin and become finer grained in the sub-
surface away from outcrops in the southeastern and southern parts of
the area. This indicates that source areas for sediments of unit C were
south and southeast of the present area. Because rocks equivalent to
unit C seem to have been eroded from the eastern part of the area prior
to deposition of the Ojo Alamo sandstone, it is not known whether the
source areas of earlier Fruitland and Kirtland sediments east and north-
east of the basin were contributing sediment at the time of deposition

of unit C. Presumably they were. Facies relations on the western

side of the San Juan Basin indicate that Fruitland and Kirtland sediments

of that region were derived from the southwest and west.

Contacts

The undivided Fruitland formation and Kirtland shale rest con-
formably on the Pictured Cliffs sandstone in most of the area. The
carbonaceous sandy shale of unit A seems to be gradational into the
Pictured Cliffs, although the contact is fairly well defined. Locally
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in the San Pedro Foothills the basal sandstone of unit B cuts out all of
unit A and rests on rocks equivalent to the Pictured Cliffs with slight
srosional unconformity.

The contact of the undivided Fruitland formation and Kirtland
shale with the overlying Ojo Alamo sandstone is unconformable. At all

localities where the contact was observed it is erosional.

."‘_ﬂi and Correlation

Other than unidentified fossil wood, the only fossils found by
the writer in the undivided Fruitland formation and Kirtland shale in

the present area are Halymenites (a fossil which may be a marine

fucoid alga, or a fossil burrow of a marine organism), and Inoceramus
Sp., a marine pelecypod. Both of these forms indicate Cretaceous age.
Vertebrate, invertebrate, and plant fossils were collected from
the Fruitland formation and Kirtland shale in the southwestern and
western parts of the Central basin by several workers. Gilmore (1916,
p. 279-281) discussed the vertebrate fossils which include remains of
dinosaurs, turtles, crocodiles, and fish, and‘ concluded that the Fruit-
land and Kirtland (and the Ojo Alamo) are older than the latest Cretaceous
rocks (Lance formation) of Wyoming and Montana. Stanton (1916, p.
309-310) discussed nonmarine Cretaceous invertebrates from the
- Fruitland formation. He concluded that both brackish-water and fresh-

water forms occur, and that the Fruitland formation is older than the
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Lance formation. In a discussion of the flora of the Fruitland and
Kirtla.nd, Knowlton (1916, p. 329-331) concluded that the Fruitiand
and Kirtland are of Montana age. Reeside (1924, p. 24) summarized
the evidence provided by fossils and concluded that the Fruitiand form-
ation and Kirtland shale contain closely related floras and faunas, and
that both are of late Montana age, possibly equivalent to part of the
Pierre shale and part of the Fox Hills sandstone of the region east of
the Rocky Mountains. The Fruitland and Kirtland, then, are v be
considered as being of Late, but not latest, Cretaceous age.

The units of the Fruitland-Kirtland sequence of the present area

¢ {

cannot be correlated with certainty with units of the Fruitland and Kirt-
land on the western side of the Central basin. The carbonaceous shale
and sandstone of unit A are almost certainly equivalent to part of the
F“ruitdand formation which is 250-530 feet thick in the northwestern part
of the Central basin (Reeside, 1924, p. 20; Barnes, Baltz, and Hayes,
1954). Unit B may be equivalent also to part of the Fruitland, or it
may be equivalent to the lower member of the Kirtland shale as would
seem to be indicated by comparison with Dane's (1936, p. 113-116)
description of the Kirtland of the southern part of the Central basin.
The sandstone beds of unit B in the present area grade westward in the
subsurface into rocks which may be marine. Dilworth (1969, p. 25)
reported foraminifera occurring near the middle of the Farmington
sandstone member of the Kirtland shale, possibly indicating that the
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lower member of the Kirtland shale and part of the Farmington sand-
stone are of marine, or at least brackish-water, origin on the western
side of the Central basin. Unit C is very similar to beds of the Farming-
ton aandstqne member of the Kirtland shale. It is possibje also that unit
C is equivalent to the lower shale and lower thin conglomeratic sandstone
assigned to the "typical" Ojo Alamo on Ojo Alamo and Barrel Spring
Arroyos by Bauer (1916, p. 276).

The bentonitic shale beds in units B and C are probably altered
volcanic ash and this suggests a correlation with volcanic rocks of the
McDermott member of the Animas formation (Barnes, Baltz, and Hayes,
1954; see also Reeside, 1924, p. 24-28). However, the writer and R. B.
OfSullivan found cobbles of andesitic rock in the Farmington sandstone
member of the Kirtland shale northwest of Farmington; thus, the presence
of volcanic material does not automatically indicate equivalence to the
McDermott which lies above the Kirtland shale. Also, the presence of
siliceous pebbles in units B and C does not necessarily indicate equiva-
lence to pebble -bearing rocks of the McDermott (see Reeside, 1924,

p. 26), inasmuch as siliceous pebbles occur also in sandstone included
in the upper part of the Kirtland by Barnes, Baltz, and Hayes (1954),
and in sandstones included in the upper part of the Kirtland by Reeside
(1924, pl. 1) west of Pinyon Mesa northwest of Farmington.

The southward-thinning marine sandstone of unit A is probably
the subsurface unit called the ''northeast lobe' of the Pictured Cliffs
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by Silvqi (1950, p. 112). On the basis of reconnaissance examination
of rocks of the northeastern and northern parts of the San Juan Basin,
the present writer beiieves that the marine sandstone of unit A is
equivalent to sandstone beds in the upper part of the Fruitland forma-
tion or in the Kirtland shale of the northern part of the basin. Thus,
the marine sandstone of unit A probably is younger than the northern
part of the Pictured Cliffs which is probably about the same age as
the Pictured Cliffs in the present area.

Shale and fine- to coarse-grained, even-bedded sandstone
assigned by Wood, Kelley, and MacAlpin (1948) to the Kirtland and lower
part of the Animas formation (''zone of intertonguing between !ﬁnland
and Animas'") southwest of Pagosa Springs, Colorado, are probably a
near-shore facies of the marine rocks of unit A. R. B. O'Sullivan
and the writer found petroliferous fossiliférous limestone in these rocks

south of Pagosa Springs.

Tertiary(?) Rocks
Ojo Alamo Sandstone
Definition
Above the undivicied Fruitland formation and Kirtland shale is
a thick, persistent, fine- to coarse-grained, locally conglome ratic
sandstone of varied thickness. This sandstone was first mapped as
the lower part of the Puerco formation by Gardner (1909, pl. 1; 1910,
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pl. 2). Renick (1931, p. 52) also mapped the thick. sandstone |yin, on
the Fruitland and Kirtland (part of which he included with the Lewis
shale) as the lower part of the Puerco formation.

Dane (1936, p. 117) found that the sandstone mapped as the
lower part of the '"Puerco formation' by Gardner and by Renick could
be traced southwe siward into beds named the Ojo Alamo sandstonr by
Bauer (1916, p. 275-276). The type locality of the Ojo Alamo sandstone
is on Ojo Alamo Arroyo in the NW part of T. 24 N., R. 1.1 W. in the
southwestern part of the Central basin near Ojo Alamo store. Here the
Ojo Alamo sandstone is said by Bauer (1916, p. 276) to consist of an
upper conglomerate, 25 feet thick, resting on a medial unit consisting
of wine-red and bluish-gray banded sﬁale interbedded with lenses of
gray-white, soft sandstone, all about 34 feet thick. The medial shale
rests on a basal unit of poorly consolidated pebble conglomerate 9 feet
thick. According to Bauer the medial shale unit pinches out laterally,
and the upper conglomerate rests on the lower conglomerate. At the
type locality the Ojo Alamo sandstone is overlain by rocks formerly
classed as the Puerco formation (the Nacimiento formation in present
terminology) and is underlain by beds called the Kirtland shale by Bauer,
and the *McDermott formation™ by Reeside (1924, p. 28). Reeside
(1924, p. 26) showed that beds he correlated with the McDermott forma-

tion (the McDermott member of the Animas formation of Barnes, Baltz,
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aand Hayes, 1954) pinch out east of the type locality, and the Cjo Alamo
sgsts c;n the upper part of the Kirtland shale in most of £} = southern
part of the Central basin.

The Ojo Alamo sandstone of the present report is mapped gen-
zrally the same in the southern part of the present area as the Qjo
Alamo of Dane (1936, p. 116-121, and pl. 39), although locally the
iower boundary is not the same. Dane (1946) indicated that the Ojo
Alamo is present on the eastern side ofhthe San Juan Basin as far north
as T. 25N., R. 1 E. The rocks mapped as Ojo Alamo in the Northern
Hogback Belt by the present writer are not the same as those assigned

to the Ojo Alamo by Dane (1946) as is explained below.

Extent and Thickness

The Ojo Alamo crops out in an irregular band above the undivided
Fruitland formation and Kirtland shale almost continuously across the
southern tier of townships (T. 20 N., R. 1-5 W.) of the present area
of investigation where it caps northward-sloping cuestas. The rocks
dip in northerly directions and the Ojo Alamo forms steep cliffs facing
south, southeast, and southwest. According to Dane (1936, p. 121) the
thickness of the Ojo Alamo is about 170 feet just west of San Ysidro Wash
(Arroyo San Ysidro on Figure 2 of this report). In a composite section
measured in the NW 1/4 NE 1/4 sec. 23, T. 20N., R. 2 W. the Ojo

Alamo is 70 to 80 feet thick (excluding the sandstones of unit C of the
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Fruitland and Kirtland that were mapped with the Ojo. Alamo at.this
place by Dane, 1936). East of the Rio Puerco, the Ojo Alamo strikes
northeast and forms horthwe-t-lloping cuestas. In the SE 1/4 NE 1/4
of sec. 8, T. 20 N., R. 1 W. the Ojo Alamo is a little more than 60
feet thick, and in the S 1/2 NE 1/4 sec. 22, T. 21 N., R. 1 W, the
Ojo Alamo is 91 feet thick.

In the San Pedro Foothills the Ojo Alamo sandstone dips steeply
west, and in places it is vertical or slightly overturned. Here the
Ojo Alamo forms low, rounded ridges exposed in the walls of the
canyons which drain San Pedro Mountain. In the SE 1/4 SW 1/4 sec.

11, T. 21 N., R. 1 W., the Ojo Alamo is 113 feet thick. The QOjo Alamo
is well exposed along an abandoned irrigation ditch on the north side of
San Jose Creek in the SW 1/4 NE 1/4 sec. 34, T. 23 N., R. 1 W. where
it is about 90 feet thick.

In the Northern Hogback Belt the Ojo Alamo is soft and poorly
exposed or covered at many places, but there are a sufficient number of
outcrops to establish its identity and persistence in this region. In secs.
10 and 15, T. 23 N., R. 1 W. the pebble-bearing Ojo Alamo is poorly
exposed on the slopes west of the high rib of the basal sandstone of unit
B of the Fruitland and Kirtland. The Ojo Alamo forms low, northwest-
dipping ridges of conglome ratic sandstone in the northeastern part of
T. 23 N., R. 1 W. and near the southeastern cornerof T. 24 N., R. 1 W,
In the NE 1/4 sec. 2, T. 23 N., R. 1 W. the Ojo Alamo is about
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‘l 10 feet thick. Near this locality a thin sandstone correlated by Dane
(1946, stratigraphic section 3) with the Ojo Alamo is believed by the
‘present writer to be equi§a1ent to the coarle-grai‘ned sandstone at the
base of unit B of the undivided Fruitland formation and Kirtland shale.
In sec. 30, T. 24 N., R. 1 E. the Ojo Alamo forms a poorly
exposed low ridge of pebble-bearing sandstone just east of the Northcutt
Ranch. In the SE 1/4 sec. 20, T. 24 N., R. 1 E. the Ojo Alamo is
tentatively identified as a poorly exposed yellowish sandstone lying
just west of the ranch road. A light-gray sandstone containing silicified
wood on theﬁlow ridge just east of the road is correlated with the basal
tuidltonebf unit B of the Fruitland-Kirtland. North of here in sec. 17
the Ojo Alamo forms a low ridge and rests on dark-gray and black shale
ssigned to the upper part of unit B. The basal sandstone of unit B
B noﬁtﬁning fossil wood and a few small pebbles occurs on the wooded
ridge sast of the Ojo Alamo. Northward from here to the northern part
of T. 25N., R. 1 E., the Ojo Alamo is very poorly exposed but crops
A out at places where it forms low hills largely masked by sandy soil.
Xlong the Forest Service road in the SE 1/4 sec. 8, T. 25N.,
, l. ‘1 E., a thick sandstone correlated with the Ojo Alamo rests on dark
e’ Ny autuliw shale of the upper part of unit B of the Fruitland and
Kirtlm&* The sandstone in the NE 1/4 sec. 17, T. 25N., R. 1 E.
‘that June (1946, stratigraphic section 8) specifies as being about 100

feet above the base of the Animas formation and correlates doubtfully
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with the Ojo Alamo is correlated with the basal sandstone of umit B «f
the Fruitland-Kirtland by the present writer. Northward {rom he re the
Ojo Alamo is more resistant to erosion and forms westward-sloping
ridges. It caps a high cuesta in T. 26 N., R. 1 E. where it res¢s
directly on. sandstone of the Fruitland and Kirtland. In the SW 1/4 SE 1/4
sec. 33, T. 26 N , R. 1 E. the Ojo Alamo is nearly 200 feet thick and
rests unconformably on sandstone, about 53 feet thick, of unit B of the
Fruitland and Kirtland. These combined sandstones were classified as
the basal sandstone of the Animas formation by Dane (1946 and 1948).
The Ojo Alamo caps the high cuestas from here to the northern edge of
the area and rests on sandstone of the Fruitland and Kirtland from which
it can be differentiated with certainty at only a few places.

In the subsurface the Ojo Alamo is distributed continuocusly
throughout the area. In the southern part of the area the Ojo Alamo
ranges in thickness from 80 to 100 feet, and thickens gradually to the
north or northeast as it does at the surface. The thickening takes place
as sandstone tongues in the lower part of the Nacimiento formation thicken
northward and merge with the underlying Ojo Alamo sandstone (Figs. 5
and 6). In the northern part of the area the Ojo Alamo ranges in thick-

ness from about 180 feet to about 200 feet.

Litholo gy

The Ojo Alamo sandstone is composed of several beds of buff,
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‘tan, and brown, medium-grained to very coarse grained sandstone that
contain thin lenses of olive-green to gray shale at places. The sand
is mostly angular to subangular and consists mostly of quartz. Other
common constituents are sand grains and granules of red, gray, and
green chert and 6ther rock fragments. Sand and granule-size cleavage
fragments of pink feldspar are common also. Pebbles ranging in size
from one -ﬁalf inch to several inches in diameter are scattered through
the sandstone at places and, locally, the lower few inches to several
feet of the formation is pebble to cobble conglomerate. Most of the
pebbles and cobbles are well-rounded, gray and white quartz and quart-
" zite, but red, yellow and green siliceous pebbles, and sandstone and

shale pebbles also are present. Some of the pebbles contain marine

foseils and appear to be siliceous replacements of pebbles that were form-

erly limestone. In sec. 36, T. 24 N., R. 1 W. the Ojo Alamo contains
numerous 2- to 3-inch pebbles of volcanic rock including a distinctive
pink rhyelite porphyry. Logs replaced by silica, or by limonite, are
comrnon in the Ojo Alamo at many localities. Some of the logs are as
miuch as Z 1/2 feet in diameter, and 20 feet or more in length. These
ark §imslar to smaller silicified logs found in sandstone of the Fruitland
ind Kirrtiand.
in outcrops the Ojo Alamo sandstone is moderately indurated

‘44 temented by silica, clay, and ferruginous compounds. Some hard,
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thin beds are highly ferruginous and rusty wem . However,
Vo
at places it was found that the sandstone several inches beneath the
weathered surface. is much more friable thaa it ii":tthe surface. It
is possible that the Ojo Alamo ie indurated better at the surface than
where it is buried beneath younger rocks becu@‘;a;ineru-beiring
water "bleéds" oﬁt of the sandstone, evaporates:at and near the
surface of the sandstone, and deposits mineral matter between thc.
grains.

Tangential cross bedding characterizes the formation, but at
most places the several beds of sandstone tend to weather as massive
units. In the southern part of the area, the lower half, approximately,
of the Ojo Alamo forms a massive cliff. The upper half is more highly
cross bedded and less resistant, and forms rounded slopes and ledges
set back from the cliffs of the lower half.

The sandstone and conglomerate of the Ojo Alamo are mainly
overlapping stream channel deposits. Silver (1950, p. 121) postulated.
that the Ojo Alamo was deposited as pediment gravel. Some of the upper
beds of the Ojo Alamo show the bedding characteristic of dune sand.
Sinclair and Granger (1914, p. 301) suggested that the "t_apper conglomer-
atic sandstone'' of the rocks later called the Ojo Alamo by Bauer '..

seems to represent material swept into the basin of accumulation by

floods, perhaps during an interval of crustal uplift which stimulated
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the streams to carry down the gravels which h;d accumulated in their
channels and to undermine their banks, destroying the large trees grow-
ing there. Some of the drift.logs are two or three feet across and over
50 feet long. The branches and bark have been stripped off . . ."

The sandstone of the Ojo Alamo is similar to the coarse-grained
sandstone in parts of -the fruitland and Kirtland. Generally, the Ojo
Alameo is much thicker and coarser grained and more arkosic, and its
contained pebbles are larger than those found at places in the Fruitland
and Kirtland.

The lithologies of the Ojo Alamo and the coarse sandstone of the
Fruitland and Kirtland are similar enough to suggest common source
areas. The Ojo Alamo sandstone thickens northward suggesting that a
major source area was a highland in the position of part of the present
~an Juan Mountains. The coarsest gravel observed in the Ojo Alamo in
the ﬁrolent area is in the northeastefn partof T. 23 N., R. 1 W., tke
sauthéastern part of T. 24 N., R. 1 W., and the southwestern part of
T. 24 N., R. 1 E. This gravel may have been derived from a source
east or northeast of this part of the basin. Possibly this source area
wae in the vicinity of the present Brazos uplift. Dane (1936, p. 118)
| observed that in the southern part of the area, the graiu size of the Ojo
Alamo increases toward the east, eﬁdence also favoring a postulated

source area east of the present area of investigation. Reeside (1924,
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p- 79-30) suggested that the Ojo Alamo of the western side of the basin
was derived from the east or south. However, the writer and R. B.
O'Sullivan measured the strikes of numerous channel edges, and the

dips and strikes of foreset beds and laminae in the Ojo Alamo near Farm-
ingtor; and these indicate that in this part of the basin the Ojo Alamo was
deposited by streams flowing from the west-northwest and the north-
west. Probably the Ojo Alamo was laid down as pediment deposits by
streams flowing centripetally into the basin from several sides after

downwarping of the basin, or uplift of highlands in the surrounding region.

Contacts

The Ojo Alamo rests with erosional unconformity on the undi-

1 2d Fruitland formation and Kirtland shale in the present area of
investigation. Evidence of scouring and deep channeling at the base
of the Ojo Alamo may be observed at many places.

Reeside (1924, p. 26) discussed the contact of the Ojo Alamo
with underlying beds on the western side of th; Central basin and said
that the evidence of an erosional contact and overlapping of older rocks
by the Ojo Alamo is clear in that region. However, Dane (1935, P
118-121) believed that the erosion surface at the base of sandstone of
the Ojo Alameo is no more than the result of scouring and channeling by

streams competent enough to transport and deposit coarse sediment.
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Also, according to Dane (1936, p. 119), at many places in the area
between Alamo Arroyo and the Rio Puerce the base of the Qjo Alamo
is not the same stratigraphic position at points a few hundred feet
apart. He believed that, although there was a sudden change in condi-
tions of depo-aition when the Ojo Alamo was deposited, the evidence shows
that this changg did not occur everywhere at the same time, and at places
there was a transitional change in sedimentation. Dane (1936, p. 120~
121) suggested that the ea_atward thinning of the underlying Kirtland shale
is the result of a lesser amount of deposition toward the southeast and
that there is no hiatus between the Ojo Alamo and 'the ‘Kir.tla.nd shale.
However, the present writer believes that the evidence of ero-
sional unconformity and slight angular unconformity is clear in the pre-
sent area of investigation. The variations of thickness of the undivided
Fruitland formation and Kirtland shale in the San Pedro Foothills and
Northern Hogback Belt indicate that slight folding and erosion occurred
there before deposition of the Ojo Alamo. The lower contact of the
persistent sandstone mapped as the Ojo Alamo by the present writer is
at a higher stratigraphic position at places than the contact mapped by
Dane (1936). In the southeastern part of T. 20 N., R. 2 W. the contact
mapned by the present writer is one of strong erosional unconformity,
and locally the Ojo Alamo cuts out lenticul ar sandstone and shale beds

of unit C of the Fruitland and Kirtland (mapped with the Ojo Alamo by
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Dane, 1936).\ These beds of unit C wedge out southward into shale and are
absent at the south edge of Mesa Portal south of the area of the present
report. However, the sandstone beds of unit C are present below the Ojo
Alamo at places in T. 20 N., R. 5 W. The unconformity at the base of
the sandstone mapped as the Ojo Alamo by Dane at most places, but within
the sandstone and shale included in the Ojo Alamo by Dane at a few places,
probably accounts for the differing stratigraphic positions of the base of
his unit in the southern part of the area. This unconformity is difficult
to recognize unless individual beds are traced because the lithology of the
finer grained parts of the Ojo Alamo is similar to the lithology of sandstone
of unit C of the undivided Fruitland and Kirtland. (See Dane, 1936, p. 119).
In the subsurface the undivided Fruitland formation and Kirtland
shale are as much as 450 feet thick in the western part of the area. In
the eastern part of the area these rocks are less than half this thickness.
As interpreted from electric logs of wells, individual beds within the
Fruitland and Kirtland do not thin eastward as would be expected if the
over-all thinning was the result of a lesser amount of deposition to the
east. In fact, some beds thicken eastward (Figs. 6 and 7). It appears
that, from west to east, successively lower beds of the Fruitland and
Kirtland are truncated by the Ojo Alamo in the western part of the area.
This would seem to indicate that, prior to deposition of the Ojo Alamo,
the ‘rocku of the eastern part of the basin were tilted to the west, and
part of the Kirtland was eroded from the eastern part of the basin. This
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view is essentially the same as the conclusion of Silver (195¢, p. 113}
who reported that the relief on the top of the Kirtland in the subsnyface
of the Gavilan area is 100 to 200 feet in 10 miles. The combined thick-
ness of the Fruitland formation and Kirtland shale on the western side
of the Central basin near Farmington is more than 1, 600 feet; thus it
is possible that as much as 1, 400 feet of Fruitiand-Kirtland »ocka was
eroded from the eastern part of the basin f;ior to deposition of the Qjo
Alamo. However, as previously discussed, there is evidence of local
uplift and erosion in the eastern part of the basin during deposition of
the Fruitland and Kirtland, and these rocks may never have been as
thick as they are on the western side of the Cex;tral basin.

The Ojo Alamo sandstone seems to be conformable with the
overlying Nacimiento formation in the area. No evidence of uncon-
formity was observed in outcrops, and subsurface data seem to indicate
that the Ojo Alamo is conformable with the Nacimiento and intertongues
with it. In the vicinity of the type locality of the Ojo Alamo, Brown
(1910), Sinclair and Granger (1914, p. 204, and pi. 22), and Bauer
(1916, p. 276) report an erosional unconformity at the base of the Puerco
formation (in present terminclogy, the lower part of the Nacimiento
formation). Reeside (1924, p. 37) stated that in the western part of
the basin the Puerco formation rests on the Ojo Alamo with erosional

unconformity, but without discordance of dip.
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Age and Correlation

In the southwestern part of the Central basin near the 7, pe
locality numerous dinosaur and other reptilian fossils have been col-
lected from beds assigned to the Fruitland formation, Kirtland shale,
and the Ojo Alamo sandstone by Bauer (1916). In summarizing the
evidence of age provided by these fossils, Gilmore (1916, p281)
states:
""...I conclude that the vertebrate remains from the Ojo
Alamo, Kirtland, and Fruitland formations show beyond
all question that they pertain to a fauna or faunas dis -~
tinctly older than that of the Lance, and that such evidence
as there is contributes to the support of Brown's conten-
tion that the Ojo Alamo sandstone is synchronous with
the Judith River and Belly River formations as found in
areas to the north."

According to this interpretation, the fossil-bearing beds of the type

Ojo Alamo are of Late, but not latest, Cretaceous age, and are pro-

bably of late Montana age. Triceratops and Tyrannosaurus

which occur in the latest Cretaceous (Lance and Hell Creek forma-
tions) have not been reported to occur in the San Juan Basin.
Fragmentary plants collected from rocks assigned by Reeside
(1924) to the Ojo Alamo on the western side of the Central basin were
examined by F. H. Knowlton (in Reeside, 1924, p. 31-32), who reported
Tertiary affinities for some of the fossils, but expres;ed 2 lack of
certainty of age because of the fragmentary nature of the fossils.
Reeside (1924, p. 31-32) argued that, in view of the uncertainty of
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identification and stratigraphic position of the dincsaur fauns of the
iype Ojo Alamo, the paleontologic data are inconclusive ag 1o the age
of the beds. He classified the Ojo Alamo as Tertiary(?).

Dane (1936, p. 121) stated that ''paleontologic evidence tends
very strongly to support the view that there is no hiatus between the
Ojo Alamo sindstone and the underlying Kirtiand shale and that the
Ojo Alamo sandstone should be classified as Cretaceous."

Recently, Anderson (1960, p. 9-10) has recopened the question
of the age of the Ojo Alamo. He has nggested that the microflora at
the base of the Ojo Alamo has a "Tertiary ecologic aspect' but is not
necessarily Tertiary from the standpoint of common forms. A florule
from fhe middle of the Ojo Alamo is said to be more closely related to
the Nacimiento florule than to the Kirtland florule. Anderson sug gests
further that the dinosaur remains might have been reworked from older
beds, or that the dinosaurs may actually be the same age as those of
the Lance, or even younger. wowi

To summarize the evidence presentedin-published reports, the
faunal evidence indicates that the dinosaur-bearing beds assigned to the
Ojo Alamo by p-revious workers are late Montana age, whereas the floral
evidence indicates early Tertiary age. Reeside (1924, p. 32) admitted

that the conflicting paleontologic evidence is inconclusive, and based

his Tertiary(?) age assignment at least partly on structural evidence,
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stating that there is an important hiatus between the pre-Ojo Alamo
deposits and the Ojo»Alamo sandstone, as determined by stratigraphic
overlap of older formations by the Ojo Alarno. Anderson {1960, p. 9}
also b#ses his arguments essentially on a structural basis when he states
that the "mOl.t significant ecological change takes place between the
Kirtland and Ojo Alamo 1 florules with the influx of more than 70 percent

Podocarpus pollen and associated upland species of Ulmpideipites, "

However, it is apparent that structural evidence alone is not sufficient
to establish the temporil boundary between the Cretaceous and Tertiary,
inasmuch as the San Juan Basin and its bounding uplifts began to be
formed at least as early as Pictured Cliffs time, and the deformation
continued episodically well into the Eocene at least.

The conflict between the floral and faunal evidence of age may be
the result of the inclusion in the Ojo Alamo of rocks that are of similar
lithology, but of different ages, and are sepérated, at least near the
margins of the Central basin, by an erosional and slightly angular un-
conformity. The persistent unit of sandstone mapped as the Ojo Alamo
by the present writer in the southern part of the area is clearly uncon-
formable on the underlying undivided Fruitland lformation and Kirtland
shale. The unit persists across the southern part of the area, and is
apparently the thin but persistent sandstone mapped as Ojo Alamo

farther to the northwest by Dane (1936). Dane (1936, p. 121) has
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stated that ''the thickness of the Ojo Alamo is variable, owing la; gely

to the fact that the base is irregular and not everywhe re at the 8; ne
stratigraphic poéition. "' At places the persistent Qjo Alamc sandstone
rests unconformably on lenticular sandstone of the Kirtland formation,
probably accounting for the irregularities described by Dane whi.. seems
to have inéluded, at some places, lenticular beds of the upper pa) ' of the
Kirtland with the persistent sandstone of the Ojo Alamo.

The persistent sandstone unit mapped as Ojo Alamo by the
writer seems to be equivalent to rocks described by Sinclair and
Granger (1914, p. 300-302) as the '"conglome ratic sandstone with fossil
logs'' below the "Puerco formation'' and above the upper dinosaur-
bearing shales in the vicinity of Ojo Alamo. Sinclair and Granger
remarked that the conglomeratic sandstone rests with disconformity on
the dinosaur-bearing shales, but they attributed no particular signifi-
cance to this disconformity. In defining the Ojo Alamo sandstone, Bauer
(1916, p. 275-276) included the upper conglomeratic sandstone, the
dinosaur-bearing shale, and a lower thin bed of pebble conglomerate
in the formation. Bauer considered the Ojo Alamo to be ''essentially a
sandstone including lenses of shale and conglomerate" and indicated
that the medial dinosaur-bearing shale is present only in a limited area,
and the upper and lower conglomeratic sandstones merge east and west
of this area. However, a study of Bauer's stratigraphic sections

indicates that the medial dinosaur-bearing shale does not grade out
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laterally, but that much of it is cut out by an eroeicnal surface a ne
base of the upper sandstone.

Because of podr exposures it is not possible to trace the Ojo
Alamo sandstone continuously northward from the type locality to the
San Juan River near Farmington. However, the discontinuously exposed
beds seem to Be mainly the upper sandstone. On the south side of the
San Juan River, the lower half, approximately, of the thick seguence
of sandstone assigned to the Ojo Alamo by Reeside (1924, p. 30) is
probably equivalent to the persistent, upper sandstone of the type local-
ity. R. B. O'Sullivan and the writer found that the upper half of the
thick sandstone on the San Juan River is split by several southward-
thickening tongues of shale of the '"Puerco and Torrejon formations”
(the Nacimiento formation in present terminology), and most beds of the
upper half of the sandstone tongue out southward into rocks probably
equivalent to the "Puerco formation' at Ojo Alamo. Hayes and Zapp
(1955) concluded that ''no unconformity is present in the several hundred
feet of sedimentary rocks that succeeds the Kirtland shale in this area
« + » " between the San Juan River west of Farmington and the
Colorado-New Mexico line. However, R. B. O'Sullivan and the writer
found that the Ojo Alamo sandstone rests with erosional unconformity
on rocks assigned by Reeside (1924, pl. 1) to the McDermott formation
between Barker Arroyo and Pinyon Mesa northwest oi Farmington. Along

the west side of Pinyon Mesa a well-exposed channeled surface at the base
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of the ij Alamo cuts out at least 150 feei of underlying ceddish shale
containing thin pebble-bearing sandstone similar to the dinosaur-bearing
beds at Ojo Alamo. Locally, on the east side of La Plata River between
Pinyon Mesa and Farmington,the reddish beds below the Ojo Alamo are
absent or very thin, and they are only about 30 feet thick south of the
San Juan River near Farm‘ington.

On the balig of relations observed in the present area and the
relations described above, it seems likely that there is an unconfo reaity
at the base of the persistent upper conglomeratic sandstone of the type
Ojo Alamo on the eastern, southern, and western margins of the Central
basin. The temporal ‘ligﬁiﬁcance of chtnneiing at the base of congloir-
eratic sandstones has been questioned; nevertheless, this channeling,
at places, has removed as much as several huﬁdred feet of Cretaceous
beds beneath the persistent upper sandstone of the Ojo Alamo, and it is
quite possible that the missing beds were of Lance (latest Cretaceous)
age.

A survey of the descriptions of localities from which "Ojo Alamo"
dinosaur fossils were collectedl shows that they were all collected near
the type locality from beds beneath the persistent upper conglomeratic
sandstone. These dinosaur-bearing beds are somewhat similar litho-

logically to dinosaur-bearing beds of the McDermott member of the

1Brown (1910), Sinclair st Granger (1914). Bauer (1916),
Gilmore (1916, 1919, 1922), Ree s (1924).
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Animas formation at its type locality (Reeside, 1924, p. 26; sec also
Baltz, 1953; Barnes, Baltz, and Hayes, 1954) and alsc to unit C of
the undivided Fruitland formation and Kirtland shale of the present
area. No vertebrate fossils are reported to have been found in the
persistent upper conglome ratic sandstone anywhere in the basin.
Sinclair and Gvrange'r (1914, p. 301) report finding a badly-worn centrum
of a dinosaur vertebra lying loose on the surface of the upper sandstone
near Barrel Spring. They reasoned that it probably was not carried to
this point by Indians "who are afraid of fossil bones', and express the
opinion that it may have weathered from the sandstone, although ''some
may question its value as an index fossil.'" Regardless of the possible
timidity of the Indians, the badly worn condition of the vertebra suggests
transportation by natural means, and if it did actually weather from the
upper sandstone it may have been reworked from underlying beds before
being deposited in the upper sandstone (if indeed it was).

Aside from this qu;eltion&ble éccurrence of a dinosaur bone,
the only fossils reported to have been found in the upper persistent
sandstone are p_hnt fossils. The fossil logs which are common at
many places have not been reported to have any determined strati-~
graphic significance. The plant fossils assigned a questionable
Tertiary age by Knowlton (in Reeside, 1924, p. 31-32) were collected

on the western side of the Central basin from rocks which are probably
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equivalent to the upper persisient sandstone of the Jjo Alamo. The
Ojo Alamo 2 florule of Anderson (1960, p. 5) was collected from rocks
which the present wrifer mapped as the Ojo Alamo sandstone, and
which are believed to be equivalent to the upper conglomeratic sand-
stone of the type Ojo Alamo. The '"Ojo Alamo 1" florule of Anderson
was collected from rocks which may be either at the top of unit B of
the undivided Fruitland formation and Kirtland shale or at the hase of
the Ojo Alamo. According to Anderson (1960, p. 9) boih the florules
are related more closely to the Nacimiento florules than to the Kirt-
land florules. Anderson states that the most significant ecologi: change
takes place between the Kirtland and Ojo Alamo florules but states also
that, if the boundary of the Cretaceous and Tertiary were to be placed
on the basis of common forms alone, it would be between the two Ojo
Alamo florules.

To summarize, the rocks mapped as Ojo Alamo sandstone in the
present area rest with slight angular and erosional unconformity on
older rocks,. and probably correlate with the upper sandstone of the
Ojo Alamo at the type locality. This sandstone rests with erosional
disconformity on dinosaur-bearing beds, and only plant fossils suggest-
ing Tertiary age have been found in it. For these reasons the Ojo Alamo
sandstone in the present area is assigned to thg Tertiary(?). It should
be stated here that the contact of the Ojo Alamo and underlying rocks is
a physical feature and is not considered to be a time -stratigraphic surface.
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Tertiary Rocks

Nacimiento Formation
Definition

Tertiary rocks. in the valley of the Rio Puerco southwest of
Cuba were named the '""Puerco marls' by Cope (1875, p. 1008-1017).
Paleocene fossils from the Puerco of Cope (collected 50 miles west of
the Rio P‘uerco.) were studied by Matthew (1897, p. 259-261) who found
two distinctly different faunas. He restricted the name Puerco forma-
tion to the rocks containing the older fauna, and proposed the name
Torrejon formation for the rocks containing the younger fauna. Matthew
credited the name Torrejon formation to J. L. Wortman who had dis-
tinguished the differing stratigraphic positions of the two faunas in the
field. The name was taken from arroyos considered to be the heads
Arroyo Torrejon. These arroyos in the southwestern part of the pre-
sent area are forks of what is now called Encino Wash, a tributary of
Arroyo Torrejon (spelled Torreon on some maps) which lies south of the
present area. Gardner (1909) mapped the (then unnamed) Ojo Alamo
sandstone and overlying beds including the thick sandstones capping
Mesa de Cuba as the Puerco formation. Subsequently, Gardner (1910,
p- 713) proposed the term Nacimiento group to include both Puerco and
Torrejon formations, specifying (p. 717) that along the Rio Puerco
south and west of Nacimiento (now known as Cuba) the Puerco formation
is 558 feet thick,and the overlying Torrejon formation is 276 feet thick.
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The lower limit of the 'Puerco formation described in Gardner's type
section (1910; p. 717) does not correspond to the lower limit on his

map (pl. 2) as will be discussed. Also, most of Gardner's (1910, p. 717}
Torrejon forma.,tion at the type locality of his Nacimiento group consists
of sandstone beds which Cope (1875) specifically placed above his Puerco
marls and seems to have correlated with the sandstones of the ""Eocene'
at the ''portals of Canoncita de las Vegas' (Canyoncito de las Yeguas

on Fig. 2 of the present report). Renick (1931, p. 51-53) mapped the
Puerco and Torrejon formations as an undivided unit having abou.t the
same upper and lower stratigraphic boundaries as the map unit called
the '""Puerco formation' in Gardner's earlier (190%) paper, and the

rocks described as Puerco and Torrejon formations in Gardner's

later (1910) paper.

Dane (1936) mapped a restricted unit as the Puerco(?) and
Torrejon formations. The lower part of Gardner's (1909, pl. 2; 1910,
pl. 2) Puerco formation was mapped by Dane as the Ojo Alamo sand-
stone. The sandstone beds capping Mesa e Cuba, and other mesas to
the west, that Gardner had included in the Torrejon formiation were
mapped by Dane as part of the Wasatch formation (now classified as
the San Jose formation of Ecc2ne age). Wood and Northrop (1946)
mapped the Puerco and Torrejon formation: a# the same undividec
unit mapped by Dane (1936). [a a later worl:,, Dane (1946) used the
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term Nacimiento formation for the rocks he had mapped earlier as
the Puerco(?) and Torrejon. Simpson (1948, p. 272-273) agreed
with this uaag\e and proposed that "Puerco' and '"Torrejon' be con-
sidered only as names of faunal zones in the Nacimiento formation
inasmuch as nobody has succeeded in mapping as separate lithologic
units the beds contaiping the Puerco and Torrejon fossils,

Dane (1946) traced the Nacimiento formation from the vicinity of
Cuba northward along the east edge of the San Juan Basin, and found that
it is equivalent generally to rocks mapped as the Animas formation of
Cretaceous and Paleocene age by investigators in Colorado. For this
reason, Dane (1946) arbitrarily restricted the use of the term Nacimiento
formation to the area south of Canyoncito de las Yeguas in T. 25 N., R. 1
E. and applied the term Animas formation to approximately the same rocks
north of Canyoncito de las Yeguas. The Animas formation (Reeside,
1924, p. 32-33) has been traced eastward from its type locality on the
Animas River near Durango, Colorado around the northern i:art of the
Central basin (Zapp, 1949; Barnes, 1953; Wood, Kelley, and MacAlpin,
1948; Dane, 1946 and 1948) to the northern part of the present area.
However, the rocks classified as Animas formation in the present
area by Dane (1946, 1948) are lithologically more similar to those of
the typical Nacimiento formation than to typical Animas rocks. A

lithologic division between the Animas and Nacimiento facies can
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probably be made in Colorado. On the northwest side of the Central
basin such a division is possible (Baltz, 1953, p. 45-46).

In the southern and southeastern parts of the present area,
the Nacimiento formation of this report is approximately the same
as the unit m;pped as the undivided Puerco(?) and Torrejon formations
by Dane (1936) and by Wood and Northrbp (1946). However, north of
Canyoncito de las Yeguas, rocks classified by Dane (1946, 1948) as
being in the lower part of the Animas formation are correlated by the
present writer with the upper part of the undivided Fruitland formation
and Kirtland shale, and the Ojo Alamo sandstone. Beds above the Ojo
Alamo sandstone in the northern part of the area that were designated
as the Animas formation by Dane are designated by the present writer
as the Nacimiento formation, and the term Animas formation is not

used for rocks in the present area.

Type Locality

There is some difficulty in determining exactly which rocks
were meant to be included by Gardner (1910, p. 717) in the '""Nacimiento
group'' at its type locality. Although he did not specify the exact
locality at which the type section was measured, most workers have
assumed that the section was measured at the south end of Mesa de
Cuba in the northwest part of T. 20 N., R. 2 W. Comparison of

Gardner's {1910) type section with sections measured by Simpson
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£1959, p. 4) and by the present writer (Fig. 11) indicates that Gardner
¢id measure the part of his section which he designates as the '"Puerco
formation' at the southern tip of Mesa de Cuba. The lower 170 feet
of rocks assigned to the.'fTorrejon formation' by Gardner consist
mostly of sandstone and are probably the sandstone beds capping Mesa
de Cuba. Th&ae sandstones are now classified as part of the San Jose
fermatioi:. .‘I'he ‘shale. and thin sandstone comprising the upper 106
feet of the rocks assigned to the "Torrejon formation" by Gardner
must have been measured elsewhere because only the lower 170 feet
of sandstones are preserved at the south end of Mesa de Cuba.
Gardner's (1909 and 1910) maps include with the '"Nacimiento
group" the sandstone now classified as the Ojo Alamo. Renick (1931,
p. 51-52), Dane (1932), and Simpson(1959, p. 16-19) have supposed
that Gardner's type section of the ""Puerco formation' includes at the
base the Fruitland and Kirtland, and that the fourth unit above the base--
a sandstone 40 feet thick--is the Ojo Alamo. However, Gardner's
section was measured probably at or near the locality of measurement
(1d on Fig. 2) of the upper part of the present writer's composite
section of the Nacimiento formation (described at the end of this report)
north of the Torreon road in sec. 11, T. 20 N., R. 2 W. If this is
correct, the second unit from the base of Gardner's section (''shale,

very dark, local coal streaks'') is a prominent and persistent band of
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lignite above a small bench, and about 90 to 100 feet above the valley
floor. This lignite is equivalent to unit 71 of the present writer's
stratigraphic section. Thus, the base of Gardner's type section is
about 250 fest stratigraphically above the Ojo Alamo sandstone. The
lignite is probably the ""persistent lignite' shown in the third unit above
the base of Simpson's (1959, p. 4) section, and the fifth unit above the
base of Hunt's section (in Dane, 1936, p. 124). Hunt's section indi-
cates that the '"Puerco(?) and Torrejon' formations are about 633

feet thick, and Simpson (1959, p. 19) states that his measurement of
these same rocks, now called the Nacimiento formation, is about 600
feet. However, the composite section measured by the present writer
is about 800 feet thick, and this thickness accords fairly well with a
thickness of about 860 feet for the Nacimiento formation at the Sun Oil
Co. No. 1 McElvain well in sec. 23, T. 21 N., R. 2 W. (see Fig. 7).
If the base of the Nacimiento formation is defined as the top of the Ojo
Alamo sandstone, there are almost 200 feet of shale and thin sandstone
beds in the lower part of the Nacimiento that have not been described
at the type locality by previous workers. These rocks are well
exposed on the hills north of Arroyo Chiuilla in secs. 13 and 14, T. 20
N., R. 2 W. (locality lc on Fig. 2), are described in a stratigraphic
section at the end of the present report, and are shown graphically on
Figure 3.
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E:stent and Thickness

The Nacimiento formation is present above the Cjo Alamo
. sandstone thl"oughout‘ the present area of investigation. The Nacimiento
crops out in the Penistaja Cuestas sector across the southern part of
the area where it forms low rounded hills of drab clay, siltstone, and
soft sandstone. Thin resistant sandstones in the upper one-third of
the formation form low benches and small, northward-sloping cuestas.
In the southwestern part of the area at the Shell Oil Co. No. 1 Pool
Four well in the SE 1/4 sec. 22, T. 21 N., R. 5 W. the Nacimiento
is about 850 feet thick. The composite stratigraphic section measured
in the SE 1/4 SE 1/4 sec. 14, and at the south end of Mesa de Cuba in
gsec. 11, T. 20N., R. 2 W. indicatesthat the Nacimiento is about 800
ieet thick west of the Rio Puerco.

In the San Pedro Foothills the Nacimiento formation is discon-
tinuously exposed in the walls of canyons and sides of valleys where its
beds of somber clay and thin sandstone are vertical to slightly over-
turned, or dip steeply to the west. The thickness ie varied, perhaps
partly because of squeezing of the shale in the belt of sharp folding,
but mainly because of angular and erosional unconformity with overlying
rocks of the San Jose formation. Near the center of sec. 11, T. 21 N.,
R. 1 W. the Nacimiento is 537 feet thick. Farther north in T. 22 N.

the Nacimiento is thinner, but the formation is estimated to be about
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1, 000 feet thick north of San Jose Creek in sec. 34, T. 23 N., R. 1 W,
The formation seems fo become thinner again in sec. 15, T. 23 N.,
R. 1W.

In the southern part of the Northern Hogback Belt the steeply
west-dipping récks of the Nacimiento formation are poorly exposed
in discontinuous low ridges separated by alluvial valleys. In sec. 20,
T. 24 N., R. 1 E. the Nacimiento is about 550 feet thick, or possibly
slightly more because the base of the formation was not determined with
certainty owing to poor exposures. In the western half of sec. 8, T. 24
N., R. 1 E, the base was not determined with certainty but the Naci-
miento formation is at least 1,250 feet thick. Farther to the north the
Nacimiento formation is better exposed as the west aip of the beds
becomes less steep. North of Canyoncito de las Yeguas, sandstones
of the formation hold up ridges and spurs west of the Ojo Alzv ¢ cuesta.
Near the center lines of secs. 17 and 18, T. 25 N., R. 1 E, the
Nacimiento formation is almost 1, 400 feet thick with the base not
exposed at the point of measurement.

Although the thickness is irregular in the outcrops along the
eastern edge of the area, it is apparent that the Nacimiento formation
thickens generally northward. In the subsurface a similar but moire
regular northward thickening of the Nacimiento takes place. The form-

ation is 800 to 850 feet thick in the southern part of the area, and is
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as much as 1,750 feet thick near the northern edge of the area. Well
data indicate also that the Nacimiento thins irregularly eastward in the

subsurface near the eastern edge of the Central basin.

Litholo gy

The Nacimiento formation consists of shale and interbedded
soft to resistant sandstone. These rocks are of two different lithc-
logic facies in the northern and southern parts of the area; however,
the lateral change in facies takes place so gradually and exposures are
so discontinuous on the eastern side of the area, that it is impossible
to map any logical lithologic boundary between facies. The Nacimiento
formation of the southern part of the area is a facies consisting mainly
of clay shale with some interbedded soft sandstone and a few resistant
sandstone beds. In the northern part of the area the Nacimiento con-
tains a greater proportion of sandstone, and near the northern edge of
the area more than half of the formation consists of sandstone.

In the vicinity of the southern part of Mesa de Cuba the Naci-
mient; consists of four more or less distinguishable units. The lowest
unit is soft, gray to light olive-gray clay shale with purplish bands,
and contains numerous thin beds of lenticular soft siltstone and shaly
fine - to coarse-grained sandstone, all about 130-150 feet thick in sec.

14, T. 20 N., R. 2 W. Above this is a unit of gray clay and soft,

highly lenticular, fine-grained to very coarse grained, white-weathering
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sandstone containing one or two thin beds cf irnpure coal, all about

120 feet fhick in sec. 12, T. 20 N., R. 2 W. Next above is a unit of
soft olive-green and gray clay and siltstone containing several beds of
lenticular, sqft, fine- to coarse-grained, argillaceous sandstone and,
near the top, a conspicuous bed of black to dark-brown lignite (equiva-
lent to the previously mentioned lower lignite in the sections of
Gardner, Hunt, and Simpson). This unit is about 1i5 feet thick in

sec. 11, T. 20 N., R. 2 W., where it forms rounded topographic spurs
near the foot of Mesa de Cuba. The highest unit of the Nacimiento
formation consists of variegated light-purple, gray, and olive-green
clay and siltstone containing lenticular yellow and white argillaceous
soft sandstone, and several thick ledge -forming buff to brown sand-
stone beds. The unit is about 425 feet thick in section 11, and forms
steep ledgy slopes below the caprock of Mesa de Cuba. The prominent,
lenticular, ledge-forming sandstones are interbedded in the shale of
the lower two -thirds of the highest unit of the Nacimiento. These
sandstones, or sandstones laterally equivalent to them, hold up samall
cuestas at many places farther west in the southern part of the area,
The upper one -third of the unit consists mainly of shale, but contains a
zone of lignite which forms a conspicuous outcrop band associated with
manganiferous sandstone at places across the southern part of the area.
The four units of the Nacimiento were not mapped; however, the units

seem to persist across the southern part of the area, and also persist
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for some distance to the north in the San Pedro Foothills.

In the. San Pedro Foothills northward from the northern part
of T. 22 N., R. 1 W., the proportion of sandstone in the Nacimiento
formation increases. At places, the lower part of the formation con-
tains thick, fine- to coarse-grained sandstone and interbedded olive -
green and gray carbonaceous shale. The middle of the formation is
poorly exposed, but where observed, it seems to consist mainly of
gray to olive-green shale with interbedded lenticular sandstone. The
upper part of the Nacimiento con.iste of several beds of ridge -forming,
congiomeratic, coarse-grained, arkesic sandstone interbedded with
dark-gray and olive-green shale and shaly sandstone. The upper sand-
stones of the Nacimiento are litholngically similar to the overlying
sandstone of the San Jose formatiorn, but the Nacimiento sandstones
are generally thinner and the dark-gray and clive-green shale with
which they are interbedded is unlike the variegated shale of the San
Jose. In the San Pedro Foothills between the north fork of the Rio
Puerco and the upper part of Arroyo Naranjo, these upper arkosic
sandstones of the Nacimiento are cut cut by the unconformity at the
base of the San Jose. The upper sandstones are pr. & nt locally in
sec. 16 and part of sec. 20,T. 21 N., R. 1 W. but seem tc be cut
out by the unconformity farther south.

The above described general lithologic character of the Nacimiento
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formation seems-to persist in the Northern Hogback Belt as far as the
norl;,hern edge of the area. However, where the lower part of the Naci-
miento was observed it seems to have a smaller proportion of sandstone
north of the central part of T. 24 N., R. 1 E. than it does south of here.
The zone of the uﬁper conglomeratic arkosic sandstones of the Naci-
misnto is varied in thickness, and these sandstones are absent locally,
as iﬁ sec. 20, T. 24 N., R. 1 E. where the upper part of the Nacimiento
is éut out l;ecause of angular unconformity with the San Jose formation.
North of here the upper conglomeratic arkosic sandstones of the
Nacimiento are persistent, and are overlain by dark-gray and olive-green
sandy shale upon which the San Jose formation rests at outcrops and in
the subsurface of the northern part of the area.

In the subsurface the lithology of the Nacimiento is similar to
that of the surface exposures. In the southern part of the area the
Nacimiento‘consiats mainly of shale, but the prcportion of sandstone
increases northward. The upper conglomeratic arkosic sandstones
exposed at the surface in the Northern Hogback Belt are fairly persis-
tent in the subsurface in a northwest-southeast direction, but to the
south and southwest the sandstones thin and become discontinuous
lenticular deposits enclosed in beds which are predominantly shale.
Near the outcrops of the Nacimiento formation in the southern part
of the area, the upper part of the Nacimiento is not present because
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of the érosional and slightly angular unconformity at the base of the
underlying San Jose formation (Figs. 5,7). Intraformational thick-
ening occurs beneath the zone of the upper conglomeratic arkosic
sandstones of the Nacimiento, and they may be locally unconformable
on the part of the Nacimiento beneath them.

The sandstone beds of the Nacimiento formation in the Northern
Hogback Belt contain much fresh angular orthoclase feldspar and other
detritus that indicate a source terrane of Precambrian rocks. Most of
the pebbles scattered through the sandstones are quartz and quartzite,
but a few pebules ¢f volcanic rocks were observed in the northeastern
part of the area. Thick beds of volcanic conglome rate, tuffaceous
sandstone, and weathered tuff, such as characterize the Animas forma-~
tion on the nqrthe rn side of the Central basin in Colorado were not
observed in the Nacimiento formation. However, many of the sandstone
beds contain ferromagnesian minerals, and beds of olive-green chlori-
tic shale are common. These. sediments may have been derived from
the erosion of weathered volcanic rocks present in the San Juan Mountains
region. Beds of bentonitic shale are ‘present at places in the Nacimiento.

Much of the Nacimiento formation consists of shale, siltstone,
and fine - to medium-grained sandstone similar to Cretaceous rocks
and presumably derived by erosion from these rocks. In the southern
part of the area there is, 2 places, an almost chaotic intergrading of

soft argillaceous sandst n« siltstone, and clay shale in the lower part
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of the Nacimiento. Sandstones in tiie lower part of the Nacimiento
contain mixtures of coarse, angular grains and fine - to medium-grained,
well-rounded sand with. occasional pebbles. These poorly sorted sedi-
ments seem to be a mixture of first-cycle material derived from
Precambrian rocks, and second- or third-cycle material derived from
Cretaceous and -older sedimentary rocks, and '""dumped'' intv a subsid-
ing basin of deposition. Sediments of the middle and upper parts of the
Nacimiento are better sorted, and more evenly bedded.

The size and shape of the basin of deposition of the Nacimiento
formation and equivalent parts of the Animas formation can be inferred
partly from existing outcrops of these rocks. The Nacimiento fc rma -
tion and most of the Animas formation are restricted presently to the
Central basin, although rocks of the Animas formation occur at places
on the southern flanks of the San Juan Moyatains (Wood, Kelley,
and MacAlpin, 1948; Cross and Larsen, 1935; Larsen and Cross, 1956).
Baltz (1953, p. 44-45) found that angular unconformities occur within
the Animas formation, and bet ween rocks mapped as the Animas forma-
tion and the Nacimiento formation along the Hogback monocline south
' of Durango, Colorado. R. B. ©¥'Sullivan and the writer observed
similar unconformable relations between the Nacimiento formation and
rocks probably equivalent to i« lower part of the Animas and t ! ‘e Ojo

Alam- along the Hogback monociine northwest of Farmington, New Mexico.
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These relations indicate that the lower part of the Anirnae forrmation,
the Ojo Alamo sandstone, and the lower part of the Nacimiento forma-
tion probably were distributed on at least part of the Four Corners
platform, and on the flanks of the San Juan dome, as well as in the
Central basin before folding began on the westem side of the Central
basin. Much of the Animas and Nacimiento formations in the nortn-
western part of the basin consists of sediments reworked from Creta-
ceous rocks and from lower beds of the Animas formation deposited
on the Four Corners platform before the folding began. Chaotic
bedding and poor sorting of rocks in the Nacimiento and Animas
formations adjacent to the Hogback monocline are probably the resuit
of "dumping' of sediments eroded from the soft Cretaceous rocks on
the Four Corners platform. The poorly sorted rocks seem to have
been deposited as fans at the mouths of sediment-laden streams
debouching into the Central basin during Paleocene time. Probably,
most of the rocks of the Animas and Nacimiento formations were not
deposited in areas very far west of the Hogback monocline.

The northern limit of the early Tertiary (Nacimiento~-Animas)
depositional basin is not known with certainty, inasmuch as no uncon-
formities have been reported within Anima# rocks on the northern and
northeastern edges of the Central basin. In 'this region the Animas is
overlain with angular unconformity by the Blanco Basin formation of
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Eocene(?) or Oligocene(?) age (Larsen and Cross, 1956, p. &1} which
laps onto Cretaceous and older rocks in the southeastern San Juan
Mountains. The main lvolcanic facies of the Animas formation is in the
northweotern.part of the Central basin. The McDermott member (Baltz,
1953, p. 37-41; Barnes, Baltz, and Hayes, 1954) seems to have been
erupted from cénters in the vicinity of the laccolithic demes of the

La Plata Mountains northwest of Durango, Colorado. Larsen and
Cross (1956, p. 57) suggested that the volcanic sediments of the main
part of the Animas are about the same age as some of the intrusive
centers in the northern and northwestern parts of the San Juan Moun-
tains. The abundant granitic and metamorphic detritus in the Animas
must have been derived from Precambrian rocks, possibly from the
San Juan dome, and possibly from as fatj away as the Gunnison and

. Sawatch uplifts, and the Brazos uplift. The Brazos uplift was pro-
bably continuous with the Sangre de Cristo uplift prior to Miocene
time, aand the Sa.ngre‘ de Cristo uplift shed detritus into the Raton basin
in Paléocene time (Johnson and Wood, 1956); thus this uplift was
‘probahly the northeastern boundary of the Animas-Nacimiento basin.
The southeastern edge of the basin is unknown. The writer observed
no evidence that would indicate that the Nacimiento uplift was tecton-
ically active during deposition of the Nacimiento formation (and equiva-
lent rocks of the Animas formation), and these rocks may have been
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continuously distributed across this region prior to early Eocene
time. The southern inargin of the Nacimiento-Animas depositional
basin also is unknown. Possibly the Zuni and Defiance uplifts were
tectonically active and defined a southern limit of the depositional
basin. Paleocene rocks are not known to occur in southern New Mexico,
although Kelley and Silver (1952, fig. 14, p. 114, and ; 116) have
postulated that the McRae formation of the Caballo Mountains region
may be equivalent to the Animas formation.

To summarize, the two sedimentary facies of the Nacimiento
formation in the present area appear to have been deposited in
slightly different environments, and the sediments of the shale facies
in the southern part of the area probably were derived mainly from
different source areas than the sediments of the coarse sandstone
facies of the northern part of the area. The coarse sandstone facies
(of the Nacimiento formation and equivalent rocks of the Animas
formation) probably is part of a huge apron of volcanic and orogenic
debris eroded from rising highlands lying north and northeast of the
San Juan Basin, and spread to the southwest into the basin., The shaly
facies of the Nacimiento which is present acrogs the southwestern one~
third of the Central basin, is composed partly of finer grained material
deposited at the distal edges of the apron, but the shaly facies consists
in large part of reworked Cretaceous sediments sroded from the Four

Corners platform .nd possibly from the southern part of the Chaco slope.
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The lithology and contained vertebrate fossils of the Nacimiente
formation indicate that it was deposited in a terrestrial environment.
The lenticular sandstones are stream-channel deposits and the clays
and siltstones were deposited on floodplains, alluvial fans, and in
ephemeral lakes. The basin of deposition may have been poorly
drained and swampy. The sediments of the shaly facies in particular
seem to have been deposited in a paludal and lacustrine environment,
inasmuch as they are highly carbonaceous in places, and they contain
fossil fish and a reptilian fauna characterized by crocodiles, the aquatic

" lizard Champsosaurus, and many genera and species of turtles (Gilmore,

1919; see also Sinclair and Granger, 1914, p. 309-310 and 313). The
microflora of the Nacimiento (Anderson, 1960, p. 8) also indicates
deposition in a lowland environment with temperate upland environments

not far distant.

Contacts

Where the contact of the Nacimiento formation and underlying
Ojo Alamo sandstone was observed, no evidence of unconformity was
discovered. The contact seems to be gradational through a few inches
to several feet of sandy shale. Evidence of intertonguing in the sub-
surface was presented in the discussion of the Ojo Alamo.

The contact of the Nacimiento and the overlying San Jose forma-

tion is one of angular and erosional unconformity throughout most of



the area. The erosional nature of the contact is apparent at micel
exposures, and at many places coarse-grained, pebble-bearing sand-
stone of the San Jose rests in channels cut in the upper part of the
Nacimiento.

In a branch canyon of one of the tributaries of the upper Rio
Puerco in the SW 1/4 NE 1/4 SW 1/4 sec. 11, T. 21 N., R. 1 W., the
angular nature of the contact between the San Jcse and Nacimiento
formations is apparent. Here th.e Nacimiento beds are nverturned
and dip 85° east. The basal sandstone of the San Jose dips about 69°
west at the contact. About 75 feet west of the contact the dip of the
San Jose flattens abruptly to about 10° west. On the north wail of
the deep canyon just north of these exposures the basal sandsione of
the San Jose was observed to cut out almost 200 feet of Nacimiento beds
between the bottom of the cényon and the top of the north wall of the
canyon.

In the SE 1/4 SW 1/4 sec. 23, T. 22 N., R. 1 W., faulted,
fossil-bearing shale and sandstone of the San Jose rest unconformably
on rocks as old as the Lewis shale. These outcrops were first observed
and their significance recognized in 1955 by R. L. Koogle who kindly
showed them to the writer.

Farther north, exposures are such that the unconformable
relations cannot be observed directly. However, the irregular thick-
ening and thinning and the absence of the upper conglomeratic, arkosic
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sandstone unit of the Nacimiento at places in the San Pedro Foothiils
and Northern Hogback Belt indicate that folding and erosion occurred
here after deposition of the Nacimiento. Near the center of sec. 20,
T. 24 N., R. 1 E. (and in the subsurface at the Reading and Bates
No. 1 Duff well, sec. 24, T. 24 N., R. 1 W.) the Nacimiento is eniy
about 600 fegt thick, and the upper conglomeratic, arkosic sandstones
of the Nacimiento are not present beneath the San Jose, apparently
because of angular unconformity. These upper beds are prescnt,
however, in secs. 7 and 8, T. 24 N., R. 1 E. where the Nacimiento
is at least 1,250 feet thick. North of Arroyo Blanco, the ccontact of
the San Jose and the Nacimiento is one of erosional unconformity, but
no discordance of dip was observed.

In the subsurface the southward thinning of the Nacimiento is
partly intraformational thinning. However, correlation of lithologic
units penetrated in deep wells shows that th:e basal sandstone of the
San Jose bevels successively younger rocks of the Nacimiento from
north to south, and the contact is thus one of erosion and slight angular

unconformity.

_}}_ge and Correlation

The Nacimiento formation is of Paleocene age, and contains
the classic terrestrial vertebrate faunas of that epoch of the Tertiary

period. The history of the discovery and identification of these fossils
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has been discussed by Gardner (1910, p. 703-713}, Sinclair and Granger
(1914, p.‘298), Bauer (1916, p. 276-277), Reeside (1924, p. 35}, Dane
(1936, p. 122-123), Matthew (1937), and Simpson (1948, p. 271-273;
1959, p. 1-3).

The first fossil mammals found in the '"Puerco marls' of Cope
(1875) were collected by David Baldwin west of the present area and
were described as '"lowest Eocene' by Cope (188i}. Gardner (1910)
referred the '"Nacimiento group' to the Eccene also. Sinclair and
Granger (1914, p. 313) stated that both the "Puerco' and "Torrejon'
formations had been referred to as ‘'Basal Eccen2’', but thi® "more
recently, Paleocene seems to be growing in favor'. Matthew (1914,
p- 381-382) discussed the use of the term '""Paleocene'' stating that
""the typical and best known Paleocene fauna is that of the Puerco and
Torrejon formations, Nacimientc terrane, of New Mexico' and indi:- '
cated that the Puerco was of earliest Tertiary age. Apparentiy Matthew
(1921, p. 220) changed his mind later and decided the Paleocene was
Cretaceous. The U. S. Geological Survey was conservative in tne
matter of age assignment, and particularly in use of the term "Paleo-~
cene'. Bauer (1916, pls. 64 and 69) assigned the Puerco and Torrejon
to the Tertiary as shown by his map symbols (Tpt), but he did rot
express a direct opinion in the text of his paper. Gilmore (1919, p. 9)
considered the faunas as being ''basal Eocene''. Reeside
(1924, p. 43-44) reviewed the fossil evidence and concluded that the
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Puerco and Torrejon were early Tertiary in age, and agsigned them
to the Eocene. Dane (1936, p. 122) also assigned the Puerco(?) and
Torrejon to the Eocené, but in his later (1946) work assigned the
Nacimiento formation to the Paleocene and Cretaceous(?).

The Puerco and Torrejon faunas are now accepted by most
workers as beiﬁg the standards of reference for Nortli American
terrestrial faunas of early and middle Paleocene age, respectively.
H. E. Wood and others (1941) proposed that the 'Puercan'' and
"Torrejonian'' be designated as provincial ages cf the early and middle
parts of the Paleocene epoch of the Tertiary period. Late Paleocene
fossils occur in the northern part of the Central basin southeast of
Durango, Colorado in beds mapped as the '"Wasatch'' formation by
Reeside (1924), and Cross and Larsen (1935). The rocks containing
the fossils were called the "Tiffany beds' by Granger (1917, p. 829},
Fossils of the Tiffany fauna were described by Matthew (1917), Matthew
and Granger (1921), and by Simpson (1935a,b,c). "Tiffanian'' now
designates the provincial age of the late.Paleocene (H.E. Wood and
others, 1941; Simpson, 1948, p. 275-276).

Torrejonian fossil; have been found in the upper part of the
Nacimiento in Encino Wash (Arroyo Torrejon) and upper Arroyo San
Ysidro in the southern part of the area. However, until recently no

fossils had been reported from the Nacimiento formation at its type
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locality at the southern end of Mesa de Cuba. Recently Simpson {1959)
reported Torrejonian fossils occurring west of Arroyo Chihuila (Arroyo
Chiuilla on Fig. 2) several miles west of the southern end of Mesa de
Cuba, and also northeast of Cuba. These fossils are distributed
vertically from near the top of the Nacimiento te within 100 to 125
feet of what Simpson considers to be the base of tha foimation. Puercan
fossils have not been found in the area of the present report, nor have
Tiffanian fossils been found Thus, on the basis of the positive evidence
presented by fossils, the Nacimiento formation of the present area can
- be dated only as middle Paleccene. However, the base of the Nacimiento
(and top of the Ojo Alamo) are beiow the level indicated by Simpson in
his section of the type locality, and there are more than 200 feet of
beds in the lower part of the type Nacimiento from whi_ch fossils have
not been collected. The lithology of the lower part of these beds is
similar to that of th; beds in the lower 75 feet of the Nacimiento which
contain Puercan fossils at ﬁmbetoh Arroyo and Ojo Alamo Arroyo
west of the present area (Sinclair and Granger, 1914, especially fig. 2).
Thus it seems possible and even likely that beds of Puercan (early
Paleocene) age are present in the vicinity of the Rio Puerco and else-
where in the area of this report.

Dane (1946) has expressed the opinion that the rocks mapped
as Wasatch in the northeastern part of the San Juan Basir include beds
laterally equivalent to the Tiffany beds of late Paleocene age. He
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pointed out that the Tiffany fauna has not been found in New Mexico, but
stated that vertebrate faunas of Eocene age have not been reported
from the lowe.st 500 feet or more of the Wasatch in the southeastern
part of the basi;x and the age of ti.ese beds is undetermined. However,
Simpson {1948, P- 377) postulated that there is an important hiatus
between the Nacimiento formation and the San Jose formation (Wasatch
of Dane and previous workers), reasoning that the Nacimiento is pro-
bably no younger than middle Paleocene and reporting that he had found
Eocene fossils within 50 feet of the base of the San Jcse formation.
Simpson (1959) has confirmed his earlier {1948) statement concerning
the age of the upper part of the Nacimiento ia the southern part of the
present area. The present writer has demonsirated that an angular
unconformity exists between the Nacimiernto and San Jose in the area
between secs. 7 and 2C!, 7. 24 N., R, { E. The sandstone mapped as
the basal part of the San Jose by the writer is 21so the unit judged to be
the base of the San Jose by Simpson (personal communication, 1959)
and Eocene fossils were found 50 feet above this sandstone. As the
result of tracing and mapping the base of the Can Jose, the writer is

of the opinion that the sandstone beds at the base of the San Jose at

the type locality of the Nacimiento are at about the same stratigraphic
position as those in sec. 20, T. 24 N., R. 1 E. where Eocene fossils
are present. This conclusion is substantiated a:ho by subsurface
correlations of the San Jose. These correlations also show a southward
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beveling of the upper éart of the Nacirmiento by the San Jose. Angular
unconformity was observed at the base of the San Jose in sec. 11, T. 21
N., R. 1 W. Thus, it seems probable that the Nacimiento formation
exposed at the Vsurfa.ce in most of the area is of early and middle
Paleocene age, and is overlain unconformably by early Eocene beds
of the San Jose as suggested by Simpson (1948).

However, in the northern part of the area the Nacimiento is
locally almcst 1, 800 feet thick. This is more than twice as thick as
the Nacimiento exposed in the soutbhern part of the area where Torrejonian
fossils are present near the top of the formation. It seems reasonable
that upper beds of the Nacimiento formation in the northern part of the
present area might be of Tiffany (late Paleocene) age. The upper
arkosic conglomeratic sandstones of the Nacimiento are lithclogically
similar to some of the beds containing the Tiffany fauna at the Mason
quarry north of Tiffany Station in Colorado (Fig. 1). The Tiffany beds
in Colorado contain large quantities of tuffaceous material and olive-
green shale more similar to the Animas formation than to typical
San Jose rocks. The rocks several hundred feet above the beds contain-
ing the Tiffany fauna are more similar to typical San Jose rocks than
are the Tiffany beds. Barnes (1953) mapped (bed ''d") the rocks specified
by Reeside (1924, p. 55-56) to be the basal arkose of the Wasatch at

the northern end of the H-D Hills about 12 miles north-northeast of the
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Mason quarry. Reeside had specified that Tiffany fossils occurred in
the lower part of the beds he mapped as Wasatch. However, Barnes
found that the base of the Wasatch (bed ''d" of Barnes) as defined by
Reeside's stratigraphic section could be traced southward to the south
end of the H-D Hills, and that the Mason quarry with its Tiffany
fossils is about 280 feet below the position of rocks mapped as basal
Wasatch at the north end of the H-D Hills. If Barnes' tracing of this
contact is correct, Reeside's (1924, pl. 1) lower contact of the Wasatch
in the valley of Los Pinos River north of Ignacio, Colorado is consider-
ably lower stratigraphically than it is at the north end of the H-D Hills,
and Reeside included in the Wasatch the Tiffany beds whose lateral
equivalents he excluded from the Wasatch elsewhere. It is the writer's
opinion, based on reconnaissance tracing of the base of the San Jose
formation in much of the western and northern parts of the basin, that
the Tiffany beds probably should be included in the Animas formation,
and that they probably are below the stratigraphic position of the base
of the typical San Jose. Detailed tracing of beds to supplement the
observations of Barnes (1953) probably would' solve this problem.

In summary, rocks mapped as the Nacimiento formation in
the present area are probably of early (Puercan) and middle (Torrejonian)
Paleocene age at the surface of most of the area. The upper part of

the Nacimiento north of Arroyo Blanco in the Northern Hogback Belt
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could be of late (Tiffanian) Paleocene age. Because the Na: .ni- .o
formatioﬁ is so much thinner in the southern part of 'ne 2r.& .an

the northern part, it is doubtful that rocks of late Falevcene age are
present in the Penistaja Cuestas sector. The Nacimiento formation
of the present area surely correlates with most of the Animas forma-
tion in Colorado, but the lower beds of the Animas probably are
equivavlent to parts of the Ojo Alamo sandstone, and perhaps to part of
the unit mapped as undivided Fruitland formation and Kirtland shale in

the present area.

San Jose Formation
Definition

Resting on the Nacimiento formation with eruvsional and angular
unconformity throughout the area is a sequence of sandstone and shale
mapped by previous investigators as the Wasatch formatior. The names
"Green River' and later, '"Wasatch', were applied to these rocks by
Cope (1875 and 1877) who found Eocene fossils similar to those of the
Wasatch formation of Wyoming. The Eocene fossils were found by Cope
(1875) in two horseshoe-shaped areas of badlands south of '"Canoncita
de las Vegas' (now known as Canyoncito de las Yeguas) in the north-
eastern part of the present area. In his excellent summary of the

history of the terminology of the Eocene of the San Juan Basin, Simpson
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(1948, p. 262) identifies the horseshoe -shaped badlands tentatively as
the upper parts of Arroyo Blanco, and ""Arroyo Almagre' (Almagre
Arroyo on Fig. 2 of the present report).

In his first (1875) description of the rocks which he later (1877)
called “Wa.hsatéh”. Cope described fossiliferous 'variegated marls"
lying above the massive sandstones in which "Canoncita de las Vegas'
(Canyoncito de las Yeguas) is cut. Cope pointed out that the variegated
bede closely resemble the Wasatch beds of Bear River, Wyoming. These
variegated beds he definitely intended to include in the "Wahsatch'" forma-
tion, but it is not certain that he intended to include the underlying
massive sandstones also in‘the ""Wahsatch". However, under the mas-
sive sandstones are rocks described by Cope as being '"marls' of
"mixed black and green colors' (the Nacimiento formation) which, he
stated, are the lowest beds of the Eocene. Cope traced these beds
southward for '"40 miles' (actually about 25 miles) to the vicinity of
Nacimiento (present-day Cuba). To these rocks he applied the name
"Puerco marls'', and seems to have considered the overlying thick
sandstone (in turn overlain by the variegated ''marls'') west of the
Rio Puerco as being the same as the sandstone beneath the variegated
beds at '"Canoncita de las Vegas''. At any rate, by implication the
sandstones were included with the "Wahsatch" variegated beds, and they

definitely were not included with the underlying beds described as the
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“"Puercc marls'. This terminology (emended to Wasatch) was generally
accepted and perpetuated by most later workers in the San Juan Basin,
although several revisions of nomenclature were proposed, mainly by
C. R. Keyes. (See Simpson, 1948, p. 269-271 and 273-280, for a
detailed diacus'uion of the history of the terminology.)

Allthough’the term Wasatch formation was used by later investi-
gators for rocks in the present area, different investigators included
different rocks i‘n the forrnation. Gardner (1909, pl. 2) mapped the
| thick variegated shales and interbedded sandstones (the variegated
"marls' described by Cope) lying north of Mesa de Cuba as the Wasatch
formation. The thick sandstones at Canyoncito de las Yeguas were
excluded from the Wasatch by Gardner (1910, pl. 2), although in
quoting Cope (1875), Gardrer (1910, p. 703-705) inserted the term
Wasatch in brackets after Cope's description of the sandstones at
Canyoncito de las Yeguas. The thick conglomeratic sandstones of
Mesa de Cuba and other mesas and cuestas farther west were mapped
as the upper part of the Puerco formation by Gardner (1909) and later
were specified (Gardner, 1910) to be the Torrejon formation. Reni'ck
(1931, p. 52) accepted Gardner's classification of the Torrejon and
Puerco, and included the sandstones of Mesa de Cuba in the Torrejon.
Renick (1931, pl. 1) mapped the base of the Wasatch at about the same
stratigraphic position north of Cuba as did Gardner (1909, pl. 2).
However, Pevnick (1931, p. 55, pl. 1) showed that Gardner's mapping
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of the base of the Wgsatch along the foot of San Pedro Mountain was
largely incorrect.

Dane (1936, p. 125, and pl. 39) mapped the Wasatch to include
not only the \;ariegated shale mapped as Wasatch by Gardner and by
Renick, but alsp to include the thick sandstones capping Mesa de Cuba
and the mesas and cuestas to the west that Gardner and Renick had
included in the Torrejon formation. Dane (1946, 1948), and Wood and
Northrop (1946) placed the lower contact of the Wasatch at the base of
thick arkosic sandstone lying under the variegated shales in the San
Pedro Foothills and Northern Hogback Belt.

Simpson (1948, p. 277-280) proposed that the term '"Wasatch"
be discarded and proposed that the name San Jose formation be applied
to these rocks, stating that they were deposited in an entirely different
sedimentary basin from that of the type Wasatch in Wyoming and that
the age spans, although overlapping, were not the same for the two
formations. The type locality of the San Jose formation was designated
(Simpson, 1948, p. 281) as the badlands area in the drainage of San
Jose Creek along and near the Continental Divide about 1 mile northwest
of Regina, New Mexico. In the type region, which is the eastern part
of the present area between Canyoncito de las Yeguas and Cuba, the
San Jose consists of several major intergrading lithologic facies. These
were recognized, but aot mapped, by Simpson {1948, p. 367-374) who

described them as the '"sandstone facies of Yeguas Canyon', and the
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""Almagre'' and "Largo' clay facies. The Almagre and lLargo clay
facies of Simpson are the beds containing the early Eocene Alinagre
and Largo vertebrate faunas named by Granger (1914, p. 205-207).
The San Jose formation of the present report is equivalent to
the San Jose as defined by Simpson (1948). The lower contact is the
same as that specified by Simpson (1948, p. 367; also, personal
communication, 1959) in sec. 20, T. 24 N., R. 1 E., and this contact
is believed to be nearly equivalent to the contact at the base of the
sandstones capping Mesa de Cuba, and smaller mesas about 1 mile
northwest of Cuba. The sandstones capping Mesa de Cuba were spe-
cified by Simpson (1948, p. 367) as being within the San Jose, thus
the San Jose is essentially the same unit as the Wasatch mapped by
Dane (1936) and by Wood and Northrop (1946). In the northeastern
part of the area the base of the San Jose, as mapped for the present
report, is approximately equivalefzt to the base of the Wasatch mapped
by Dane (1948) in the northeastern part of the San Juan Basin.
Although the several lithologic facies of the San Jose are com-
plexly interrelated they are mappable units. The present writer has
distinguished four lithologic units and mapped them as members of
the San Jose formation. Throughout the present area the lower part
of the San Jose consists mostly of conglomeratic sandstone here named
the Cuba Mesa rnember. In most of the southern two-thirds of the
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area the Cuba Mesa rnémber is overlain by drab-colered, variegated
shale with interbedded soft to hard sandstone here named the Regina
member of the San Jose formation. In the northern part of the area,
the Regina merﬁber is overlain by a persistent unit of ledge -forming
sandstone, and in the southern parts of T. 25 N., R. 1 E. and R. 1 W.
the Regina member intertongues with and grades laterally northward

" into a thick sequence of sandstone of which the persistent sandstone
just described is a medial part. This thick sequence of sandstone is
here named the Llaves (pronounced '"Yah-ves'') member of the San

Jose formation. The upper half of the LLlaves member grades south-
ward and westward into a unit of rocks that consists mainly of red
shale and soft sandstone but also contains lenticular ledge-forming
sandstone. This unit, here named the Tapicitos member of the San Jose
formation, lies above the persistent medial sandstone of the Llaves
member on the northern part of the Tapicitos Plateau. These members

are discussed more fully in succeeding pages of this report.

Extert and Thickness

The San Jose formation is the surface formation in rmost of the
Central basin of the San Juan Basin, and is at the surface in most of the
present area of investigation. The San Jose has been eroded deeply,

and the differential resistance to erosion of its units of sandstone and

shale produced a varied and, in places, rugged physiography. Because
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of this pﬁysiograpby, the thickness of the San Jose varies considerably
throughout the area.

Along the Continental Divide at the northern edge of the Penis-
tajia Cuestas sector the San Jose is estimated to be as much as 730-750
feet thick, including the thickness of rocks forming the high mesa on
the divide in the north-central part of T. 20 N., R. 4 W. This estimate
is based partly on information from the Skelly Oil Co. No. 1 White
well in sec. 8, T. 21 N., R. 4 W. However, in the broad washes that
drain northward from the Continental Divide to Canyon Largo in this
vicinity, all the San Jose except the lower part of the Regina member
and the underlying Cuba Mesa member has been removed by erosion
and the San Jose is only 200-400 feet thick as determined by logs of
wells.

In the area north of Mesa de Cuba, the composite thickness of
the San Jose is about 1,430 feet along State Highway 44 between sec. 20,
T. 21 N., R. 1 W. and the high mesa on the Continental Divide in
sec. 28, T. 22 N., R. 2 W. In the broad alluvial valley of San Jose
Creek near the southwest corner of T. 22 N., R. 1 W., the San Jose
is estimated to be about 800 feet thick. In the San Pedro Foothills in
the SW 1/4 sec. 2 and SW 1/4 sec. 3, T. 21 N., R. 1 W., the pre-~
served part of the San Jose is about 865 feet thick. In the Yeguas
Mesas region the San Jose is about 1, 650 feet thick, as determined

from composite sections.
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In the north-central part of the area, on the Tapicitos Plateau,
the San Jose is 1,700-1, 800 feet thick, as determined from logs of
wells in T. Z§ N., R. 2 W. Farther south on the Tapicitos Plateau
the base of the San Jose rises structurally and its upper beds have
been eroded. The thickness of the San Jose in the southern part of
T. 24 N., R. 2 W. is 1, 300 feet or less.

In the Largo Plains more than half of the San Jose formation
has been removed by erosion. The formation is thinnest along Canyon
Largo and the western parts of its tributaries where the Cuba Mesa
member is exposed because overlying beds have been stripped away by
erosion. In the vicinity of Otero Ranch in the southwestern part of
T. 24 N., R. 5W., the San Jose ranges in thickness from a little less
than 200 feet to about 300 feet as determined from logs of wells. In
the eastern part of the Largo Plains, 'm. the northern part of T. 22 N.,

R. 3 W., the San Jose is 800-900 feet thick.

Cuba Mesa Member

Throughout the present area of investigation, and elsewhere in
the San Juan Basin, the lower part of the San Jose formation consists
of conglomeratic, arkosic sandstone containing minor amounts of
lenticular reddish, green, and gray shale. These rocks are herenamed
the Cuba Mesa member of the San Jose formation for exposures on the

upper slopes and top of Mesa de Cuba (known alsc by its anglicized form
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as Cuba Mesa) west of‘the Rio Puercoin T. 21 N., R. 1 W. A type
stratigraphic section of the member was measured along State Highway
44 northwest of Cuba. The base of the section is in the NE 1/4 NW 1/4
sec. 20, and the section was measured westward across secs. 17,

8,7, and 6, T. 21 N., R. 1 W., andsecs. 1and 2, T. 21 N., R. 2 W. The
locality of measurement (no. 2) of the stratigraphic section is shown

on the geologic map (Fig. 2), a detailed description is given at the end
of thh)r'eport. and the sect;on is shown graphically in Figure 3.

At the type locality along State Highway 44, the Cuba Mesa

-member is about 782 feet thick, and consists mainly of thick beds of
buff and yellow, rusty-weathering, tangentially cross-bedded, arkosic,
coarse-grained, conglomeratic sandstone. The lower part of the
member contains several thin lenses of gray and purplish sandy shale.
At about 490 feet above the base of the member is a unit of soft gray
shale, about 55 feet thick, containing thin beds of soft sandstone. This
shale thickens northward and merges laterally with the Regina member
of the San Jose. South of State Highway 44 in sec. 8, T. 21 N., R. 1 w.
the shale tongues out into the sandstone of the Cuba Mesa member.
Another tongue of soft reddish and gray shale and soft sandstone, 83
feet thick, is about 640 feet above the base of the member. This ton-
gue of the Regina member becomes sandier to the southwest, and wedges
out into the Cuba Mesa member in sec. 11, T. 21 N., R. 2 W. The
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highest part of the Cuba Mesa member is a sandstone about 52 feet
thick. Above the Cuba Mesa member is variegated shale and soft
sandstone with several interbedded thick sandstones similar to those
of the Cuba Mesa member, but mapped with the Regina member. These
sandstones in the Regina member do not merge with the Cuba Mesa
member and are sepavrated from it by thick urits of shale of the Regina.
The Cuba Mesa member intertongues with the Regina member
at other places in the area. Where the Cuba Mesa member consists
of one unit of sandstone it is designated on the geclogiz map (Fig. 2)
as Tsc. Where tongues are present, the pe~sistent lower sandstone
of the member is designated as Tsc,, and the sandstone tongues of the
Cuba Mesa member are designated successively as Tscz, etc., from
lowest to highest.
The Cuba Mesa member is much thicker at the northern end of
Mesa de Cuba than elsewhere in the area. To the southwest, in the
vicinity of Arroyo Chiuilla, the upper part of the Cuba Mesa member
is split into two tongues by westward-thickening tongues of reddish
sandy shale (Tsr) which merge laterally westward into the Regina
member. The two upper sandstone tongues of the Cuba Mesa member
wedge out westward into the Regina member near the southwestern
corner of T. 21 N., R. 2 W. The lower part of the Cuba Mesa member
persists to the west and is estimated to be abou: 230 feet thick in sec. 33,
T. 21 N., R. 2 W. West of here it is split : two persistent units of
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sandstone seéarated by a thick unit of variegated shale mapped as a
tongue of the Regina member. The lower sandstone unit of the Cuba
Mesa member is about 50 feet thick and forms a low ledge or weak
cliff above the Nacimiento formation. The upper unit of the Cuba Mesa
forms a higher prominent escarpment of sandstone locally more than
60 feet thick. In sec.v»ZS, T. 21 N , R. 5W., the tongue of Regina
si?alc wedges out and the two lower sandstones merge. From sec. 36,
T. 21 N., R. 3 W, ﬁrestward to sec. 34, T. 21 N., R. 4 W. a ledge-
forming, coarse-grained sandstone tongue of the Cubé Mesa member
occurs interbeddedin the lower part of the Regina member. In sec.
34, T. 21 N., R. 4 W., this sardstone merges with the underlying
main part of the Cuba Mesa member as the intervening tongue of the
Regina member wedges out. West of here the tongue of shale of the
Regina member is present again but wedges out in sec. 19, T. 21 N.,
R. 4 W., and westward from here the Cuba Mesa member is essentially
one massive unit of cliff-forming, thick-bedded sandstone about 220
feet thick and containing very little shale except near the base where
thin beds of shale are present locaily. Lenticular beds of sandstone
similar to those of the Cuba Mesa member occur in the%lower part of
the overlying Regina member, but they are separated from the Cuba
Mesa member by gray and variegated shale of the Regina member.

Northreastward from the type section at the northern end of
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Mésa de Cuba, the two upper sandstone tongues of the upper part of
the Cuba Mesa member wedge out into the sandy variegated shale of
the Regina member. The lower part of the Cuba Mesa member, about
490 feet thick, is split into two units of sandstone by a tongue of var-
iegated shale of the Regina member. The tongue of the Regina member
seems to thicken northeastward mainly as the result of latéré.l trans-
ition >f the lowe.r part of the upper tongue (Tsc,) of the Cuba Mesa
member into sandy shale. The two units of sandstone persist as far
north as the SW 1/4 sec. 2, T. 21 N., R. 1 W. where the lower sand-
stone (Tscl) contains several beds of shale and is 152 feet thick. The
included tongue of the Regina member is about 200 feet thick, and the

upper sandstone tongue (Tscz) of the Cuba Mesa member is only 37 feet

thick. North of here the upper sandstone tongue cf the Cuba Mesa member -

either wedges out, or is represented by thin, soft, lenticular sandstone
included with the Regina member. The lower sandstone unit (T scl)

of the Cuba Mesa persists to the north in the San Pedro Foothills and the
Northern Hogback Belt. This unit, probably equivalent to only the lower |
150-200 feet of the Cuba Mesa member at the type locality, is folded |
sharply in the San Pedro Foothills, and dips steeply west or is vertiqal.
In the Northern Hogback Belt northward from sec. 20, T. 24 N., R. 1 W.

the dip of che Cuba Mesa member becomes less steep because the outcrop

is farther west of the monoclinal fold along the eastern margin of the area.
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In the eastern part of the area the thickness of the Cuba Mesq
member varies because of the erosional and angular unconforimity at
its base. This relationship is well exposed in the north wall of
the canyon in the SW 1/4 sec. 11, T. 21 N., R. 1 W., where the
lower unit of éandstone of the Cuba Me‘:sa member is about 180 feet
tl‘uck at the bottom of the caﬂ?on, but updip at the top of the ridge, it
is a};m;t‘ half as thick. The thickness of the Cuba Mesa member is
difficult to measure in the San Pedro Foothills and southern part of
the Northern Hogback Belt, but in much of this region it is probably
less than 150 feet thick.

InT. 24 N., R. 1 E., the Cuba Mesa member consists of
three sandstone units separated by tongues of variegated shale of the
Regina member. The two upper sandstones of the Cuba Mesa member
(Tscz and Tsc3) tongue out southward into the Regina member, with
the upper tongue persisting farther south than the medial tongue. In
the SW 1/4 NE 1/4 sec. 1, T. 25 N., R. 1 E., the persistent lower
sandstone of the Cuba Mesa member is 27 feet thick. The lower shale
tongue of the Regina is 51 feet thick; the medial sandstone tongue of
the Cuba Mesa is 61 feet thick; the upper tongue of the Regina is 144
feet thick; and the upper sandstone tongue of the Cuba Mesa, containing
thin shale beds, is 65 feet thick. Logs of wells in the vicinity of Arroyo
Blanco indicate that the three sandstone tongues of the Cuba Mesa persist

from some distance to the west in the subsurface, and then merge into
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a thick unit which is mainly sandstone. At the surface, in sec. 30,

T. 25N., R. 1 E., the shale tongues of the Regina member become thin
and the three vsandstone tongues of the Cuba Mesa member me rge into a
unit which is mostly sandstone, and is 335 feet thick in the SW [/ 4

NE 1/4 sec. 18, T. 25N., R. 1 E.

Along the eastern side of the Yeguas Mesas the Cuba Mesa
member is overlain by the Llaves member consisting mainly of sand-
stone. The upper contact of the Cuba Mesa member is distinguishable,
however, and it was mapped at the base of a unit of red, shaly sandstone
and sandy shale which is the lower part of the Llaves member.

In the western part of the area the Cuba Mesa member crops
out and forms massive cliffs along Canyon Largo and the western parts
of its tributary canyons. On the basis of well logs, the average thickness
of the Cuba Mesa member is estimated to be about 200 feet. The contact
of the Cuba Mesa member and the unde rlying Nacimiento formation is
not exposed in the western part of the area, but is exposed in Canyon
Largo west of the Jicarilla Apache Indian Resveration. In most of the
western part of the area the Cuba Mesa member is overlain by a thin
unit of light-gray and variegated shale assigned to the Regina member.
Northward, this lowest shale unit of the Regina is replaced gradually by
sandstone, and along Tapicitos Creek in the southwestern part of T. 26
N., R. 5 W., the Cuba Mesa member is overlain by lenticular sandstome
and shale that are eqﬁivalent to the lower shale unit of the Regina that
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rests on the Cuba Mesa member near Otero Ranch.

In the subsurface of most of the area, rocks assigned to the
Cuba Mesa member are 200-250 feet thick. Locally, the lower part of
the overlying Regina member contains thick lenticﬁhr sandstone simi-
lar to the Cuba Mesa member, but separated from it by units of shale.
From the northern part of Mesa de Cuba, the thick upper tongues of
sandstone of the Cuba Mesa member persist northwestward in the sub-
surface for 8-10 miles, but the sandstones are separated by westward-
thickening tongues of shale of the Regina member, and the sandstones
become thin and lenticular as they do at the surface. Where the sand-
stones seem to become lenticular, they are assigned to the Regina mem-~
ber (Fig. 7). In the subsurface of the northern part of the area, the Cuba
Mesa member thickens northward as the result of merging with northward-
thickening tongues of sandstone in the lower part of the Regina member
as it does at the surface in the northeastern part of the area. Rocks
assigned to the Cuba Mesa member in the subsurface of the northern
part of the area (Fig. 5) are arbitrarily separated from the overlying
Llaves member on the basis of their thickness { about 350 feet) which is
comparable to the thickness of the Cuba Mesa member at the surface north
of Canyoncito de las Yeguas (335 feet).

The sandstone of the Cuba Mesa member is coarse grained to
very coarse grained, and contains granules, pebbles, and cobbles. The
coarsest part of the Cuba Mesa member is in th» northeastern part of
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the area. Most of the sand grains are angular to subangular, but the
pebbles are commonly well rounded. The sand is mainly quartz, but
fragments of feldspar and chert are common at all localities. Most
Of, the pebbles are gray quartzite and quartz, but pebbles of granite,
pink quartzite, and pink, red, gray, and buff chert are commoz also.
A few pebbles of volcanic rock were observed. At most places the
,sandetone beds are tangentially cross bedded, and they seem to be
stream-channel deposits. Silicified and carbonized logs are comrmon

in the sandstone at some places. The sediments of the Cuba Mesa
member were deposited probably by streams flowing to the west and
southwest from highlands east and northeast of the present San Juan

Basin as indicated by eastward coarsening of the sediments composjng

the rocks. These highlands must have been composed mainly of granite
and metamorphic rocks of Precambrian age. The local thickening of

the Cuba Mesa member at the type locality, and alsc a short distance
west of the present area, may indicate source areas southeast of the
basin also. The source areas for most of the Cuba Mesa member were
probably the same as those for part of the Nacimiento formation, i. e.,
the Brazos and Sangre de Cristo uplifts and, perhaps, part of the San Juan
dome. The numerous quartzite pebbles and cobbles in the northeastern
part of the area could have been derived from the extensive Precambrian

quartzite terranes of the Brazos uplift described by Just (1937).
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Restinlg conformably on the Cuba Mesa member in the southern
two-thirds of the area is a thick sequence of clay shale, siltstone, soft
sandstone, and some ledge-forming, hard sandstone. These rocks are
- here named the Regina member of the San Jose formation for exposures
near the town of Regina. The rocks are best exposed east of the Con-
tinental Divide in the badlands of the drainage basin of Arroyo Blanco
inT. 24 N., R. 1 E. and R. 1 W. The Regina member consists partly
of the rocks described in Simpson's (1948, p. 371-374) stratigraphic
leétioan 2 and 3 which are part of his composite typical section of the
San Jose formation. Simpson measured these sections on the southern
rim of Arroyo Blanco and near the Continental Divide in sec. 8, T. 23 N.,
" R. 1 W. However, Simpson's stratigraphic sections (shown graphically
on Fig. 3) do not include the lower part of the San Jose which he estimated
(1948, p. 374) to be 200-300 feet below the base of his stratigraphic section
3. 1If the present writer's correlations are correct, the base of Simpson's
lowest stratigraphic section may be 700-800 feet above the base of the San
Jose. For this reason the type locality of the Regina member is here‘
specified to be in the badlands and steep slopes to the west in thel$W }/Th
sec. 31, T. 25 N., R. 1 E. and the SE 1/4 sec. 36, T. 25 N., R. 1 W
The locality of measurement (3b) is shown on the geologic map (Fig. 2),

A detailed description of the stratigraphic section is given at the end of
thie rapovt, and the section is shown graphically on Figure 3.
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At the type locality, the Regina rnember is aboutr 575 feer tnick
and rests conformably on pebble- and cobble-bearing, coarse-grained,
arkosic sandstone of the Cuba Mesa member. The Regina member
consists mainly of soft beds of clay shale, siltstone, mudstone, shaly
sandstone, and sandy shale, but contains also numerous beds of soft,
fine - to cQar's'e -grained, argillaceous sandstone, and a few beds of

resistant conglorneratic, arkosic, cliff-forming sandstone. Most of

' ‘the shaly beds are light gray, tan, or olive gray, but bands of dull
§ :

' TR
purple, maroon, and some green shale are common and are typical

of the member. Pale-red to maroon shale is most common in the upper

one -fourth of the member throughout the region. Sandstones range in

color from white to buff, gray, and brown. The Regina member as mapped

by the writer includes the '"Almagre facizs' of Simpson (1948, p. 368) and

the red shale and sandstone;along_ the Continental Divide north of Regina

that were specified by Simpson (1948, p. 369-371) to be the lower part

of the "Largo facies'. No persistent, mappable lithologic boundary was

found to separate the Almagre beds from the lower part of the Largo beds.
At the type locality, the Regina me mber containg, near the middle

and near the top, several beds of resistant conglomeratic sandstone.

These sandstones are tongues of the Llaves member and they wedge out

to the south or become soit discontinuouav lenses enclosed in shale of the

Regina member. To the north, the sandstone beds thicken as the inter-

vening shale units of the Regina thin, or pass laterally into shaly sandstone.
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North of sec. 19, T. 25 N., R. 1 E., the stratigraphic interval equivalent
to the Regina member is nearly all sandstone or shaly sandstone which are
assigned to the Llaves member. This transitional relationship was first
recognized by Dane (1946) who described it generally, but did not subdivid?
the rocks he assigned to the Wasatch.

At the type locality, the Regina member is overlain by a ledge-
forming conglome ratic sandstone of the Llaves member. Southwest
of the type locality, this sandstone and several stratigraphically higher
beds of the Llaves member wedge out to the south between southward-
thickening tongues of the Regina member. Because of this relation-
ship, the upper contact of the Regina member is stratigraphically higher
to the south than it is at the type locality. The highest thick persistent
sandstone of the Llaves member on the ridge above the type locality of the
Regina is believed to be at about the same stratigraphic pesition as the
persistent medial sandstone unit of the Llaves member which rests on the
Regina member in the northern part of the Tapicitos Plateau. Thick,
ledge -forming, lenticular beds of sandstone interbedded with red and vari-
egated shale occur near the top of the Regina membef at places along the
Continental Divide nearly as far south as Cuba and algo in the southern
part of the Tapicitos Plateau south of Canyon Largo. The stratigraphic
position of these sandstones is judged to be below that of the persistent
medial sandstone unit of the Llaves member. The highest thick sandstone

capping the mesa on the Continental Divide north of Regina in secs. 16
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and 21, T. 23 N., R. 1 W, is probably equivalent to the medial sandstone
of the Llaves member. The highest beds of persistént thick sandstone on
the narrow mesas aloﬁg the Continental Divide in secs. 21 and 28, T. 22
N., R. 2 W. also are probably equivalent to the medial sandstone of the
Llaves member.

The Htﬁology of the Regina member at the type locality istypical
of the member throughout the area. Mc;st of the member is composed of
drab-colored, variegated shaly beds of clay, siltstone, and mudstone with
intercalated soft, argillaceous sandstone. Beds of thicker, more persis-
tent conglomeratic sandstone interbedded in thick shale are fairly common
in the lower third of the member as well as in the upper part. In the
subsurface of the northern part of the area, the Regina member inter-
tongues with and grades northward into the lower part of the Llaves
member, as it does at the surface in the northeastern part of the area.

The lithology of parts of the Regina member in the San Pedro
Foothills is not typical of the member elsewhere. Beds of greenish-gray
clay shale and siltstone similar to Cretaceous rocks are interbedded with
thin conglome ratic sandstones containing nume rous pebbles of sandstone,
shale, and limestone. Cretaceous shark teeth, as well as Tertiary
mammal teeth occur in these beds. It is believed that much of the sedi-
mentary detritus composing these beds was eroded from Cretaceous and
older sedimentary rocks of the Nacimiento uplift which seems tc have
been tectonically active during deposition of the Regina member. The
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uppermost beds of the Regina member, prederven at 2 few plac. s i
the San Pedro Foothills, overlap the Cuba Mesa member and alpo rocks
as old as the Me saverde formation, and contain limestone and sandstone
pebbles similar to those of the Triassic rocks exposed on the Nacimiento
uplift. The stratigraphic relations of these overlapping rocks are discussed
later. |

Because of intertonguing relationships of the Regina member
with the Cuba Mosa‘ and Llaves members, and because the San Jose
formation has been eroded deeply, the thickness of the Regina member
varies greatly in different parts of the area. In the subsurface of the
northern part of the Tapicitos Plateau the Regina is about 1, 040 feet
thick at the Humble Oil and Refining Co. No. 1 Jicarilla M well in sec.
23, T. 25 N., R. 4 W. To the northeast most of the stratigraphic
interval of the Regina is replaced laterally by thick sandstone bede of
the Llaves member (Fig. 5).

In the southern part of the Northern Hogback Belt, and in the
San Pedro Foothills, the Regina member has been eroded deeply. The
preserved lower part of the member ranges from a few feet to 800
feet in thickness. In the high hills just west of the Continental Divide
at the Abraham No. 1 Abraham well in sec. 17, T. 24 N., R. 1 W.,
most of the Regina member is preserved and it is about 1, 640 feet thick,
This is almost three times the thickness of the member at the type
locality. The southward thickening is, in part, the result of the southward
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stratigraphic rise of the upper contact of the Regina member owing to
the wedging -out of sandstone tongues of the overlying Llaves member.
However, the thickening is probably due vmainly to southward thickening
ofi rocks within the Regina member.

Along the Continental Divide in most of the Penistaja Cuestas
sector the par.t of the member preserved is no more than 500-600 feet
thick. In the Largo Plains the preserved part of the Regina member is
only 100-300 feet thick near the western edge of the area, but the mem-

-
ber becomes thicker northward and eastward as the land surface rises
toward the Tapicitos Plateau, and the Regina member is about 1, 100

feet thick at the U. S. Smelting, Mining, and Refining Co. No. 2-2

Jicarilla 137 well in sec. 2, T. 23 N., R. 4 W,

Llaves Member

In the Yeguas Mesas, in the drainage of Canyoncito de las

Yeguas, the San Jose formation is composed mainly of resistant, arkosic,
conglomeratic sandstone which forms massive ledges. The sandstone
contains also thin beds of red and variegated shale and shaly sandstone.
This unit is here named the Llaves (pronounced Yah“-ves) member of the
San Jose formation for exposures near the mouth of Canyoncito de las
Yeguas about 1-1/4 miles northwest of Llaves Post Office. A strati-
graphic section of the lower part of the Llaves memi:er was measured

up the eastward-projecting spur of the mesa in the north half of sec. 18,
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T. 35 N., ‘R. 1 E. (locality 4 on Fig. 2). Here the lower part of the
Llav;el member is almost 700 feet thick and rests on sandstone of the
Cuba Mesa member about 335 feet thick. Because the Llaves beds dip
west, stratigraphically higher beds are preserved farther west. The
highest beds measured on the mesa near the mouth of Canyoncito de las
.Yeguas are believed to be stratigraphically slightly lower than a thick
sandstone exposed at the base of the north wall of the canyon in the SW 1/4
sec. 4, T. 25N., R. 1 W. In this section, and in sec. 33, T. 26 N.,

R. 1 W., (locality 5 on Fig. 2) approximately 450 feet of upper beds of
the Llaves member are present. These rocks consist of yellow and buff
arkosic conglomeratic sandstone with red sandstone and some red and gray
shale interbedded. Similar beds,estimated to be about 150 feet thick,are
present farther west near the Continental Divide; thus the Llaves member
is about 1, 300 feet thick in the Yeguas Mesas type area. A description ofv
the stratigraphic sections is given at the end of this report and the strati-
graphic section of the lower part of the member is shown graphically on
Figure 3.

The Llaves member is composed mostly of very coarse grained,
conglomeratic sandstone. The sand is angular to sybangular and consists
mainly of quartz and quartzite grains, but fragments of pink to gray feld-
spar are abundant. Most beds contain pebbles and cobbles, and some beds
are very gravelly. The pebbles and cobbles are rounded and stream worn,

and most of them are white to gray and purplish metaquartzite. At some

158



places, pebbles and cobbles of granite are common, and a few fragments

of gneiss and schist were observed. Pebbles of red and gyay chert, volcanic
rock, sandstone, and éhale also were observed. The sandstones are

highly cross bedded and range in thickness from less than 10 feet to almost
100 feet. The sandstones are characteristically light tan, buff, or gray,

and commonly \;veather to a brownish hue which has led to their being
described as copper-colored (Dane, 1946; Simpson, 1948, p. 366).

The Llaves member contains nume rous thin beds of clay shale
and mudstone that are predominantly maroon, but are also green and
gray. Also common are thin beds of red sandstone, sandy shale, and
shaly sandstone. At places, especially in the upper 500 feet of the member,
rocks of this type form units as much as 50-60 feet thick. Reddish sand-
stone with red shaly partings forms the basal unit, 85 feet thick, of the
Llaves member on the east side of the Yeguas Mesas.

As previously described, the lower part of the Llaves member
tongues out to the south into the Regina member at the surface and in the
subsurface. A persistent unit of sandstone containing a few beds of shale
at places, and ranging in thickness from about 50 feet to 100 feet or more,
extends southward and westward from the main body of Liaves sandstone
and rests on the Regina member in much of the northern part of the area.
This persistent sandstone unit is equivalent to beds above the top of the
stratigraphic section measured at the mouth of Canyoncito de las Yeguas.
Thus, the persistent unit is about 700-800 feet above the base of the Llaves
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member and stratigraphically near the middle of the member. Remnants
of sandaténe believed to be equivalent to the persistent medial sandstone
of the Llaves member cap high isolated buttes on the Continental Divide
north of Regina, and on and near the divide in the southern part of

T. 22N., R. 2 W.

The upper part of the Llaves member, above the position of the
persistent medial sandstone, occurs only in the Yeguas Mesas. The beds
of the upper part of the Llaves thin to the south and west, and are split‘
by tongues of red shale which are assigned to the Tapicitos member of the
San Jose formation. The details of the intertonguing in the western part
of T. 25N., R. 1 W. are complex and the relationships shown on the
geologic map have been generalized slightly. The units mapped as tongues -
of the Llaves member are sandstone beds which are persistent and can be
traced into the massive sequence of Llaves sandstones. The units mapped
as tongues of the Tapicitos member are characterized by containing much
red shale. However, they also contain lenticular sandstone beds similar
to those of the Llaves member, but not merging into it. Thick beds of
sandstone which seem to have been lenticular stream-channel deposits
cap several mesas and buttes on the Continental Divide in T. 25 N.,

R. 1 W. and farther to the northwest. Some of these sandstone beds are
stratigraphically equivalent to sandstoiml beds in the Llaves member

but do not connect now with the Llaves. Therefore, these isolated sand-
stones were mapped with the Tapicitos member. A similar philosophy
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of mapping was applied in delineating the Llaves and Tapicitos raembers
along the western side of the Yeguas Mesas.

The lower part of the Llaves member persists in the subsur-
face across the north-central part of the area where it is 300-700 feet
thick. The lower part of the Llaves member tongues out southward into
the Regina member in the subsurface in a complex manner similar to
that at the surface in the eastern part of the area. North of the present
area the lower and upper parts of the Llaves member tongue out to the
north into a séquence of shale similar in lithology and stratigraphic
position to the Regina member. The medial sandstone and the lower part
of the L.laves member persist to the northwest across the Central basin.

The coarse-grained quartzose and arkosic sandstones of the Llaves
member appear to be first-cycle sediments derived from a terrane of
Precambrian granite and metamorphic rocks. The cobbles and pebbles
of the Llaves member are mostly bluish and gray metaguartzite timﬂ‘r
to the widespread metaquartzites of the Brazos uplift (Just, 1937). The
granite pebbles and cobbles are dissimilar to the dense, reddish brmv
granite of the Nacimiento uplift but are similar to granite occurring in
the Brazos uplift and western side of the Sangre de Cristo uplift from
which they probably were derived. The red sandstone and shale of the
Llaves are similar to rocks of the Cutler formation (Permian) M cu-u
formation (Triassic) which prohlhly were oxpond in M Brlm uﬂl&
and probably in the Nacimiento uplift at this time . Mudl of the nd-colm
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sediment is probably sgcond-cycle material derived frorm the Permian
and Tria;lic rocks of the uplifts bounding the basin.

As determined by reconnaissance investigation in other parts
of the basin, the Llavea member appears to be a large, narrow, north-
west-trending fan of coarse detritus dumped into the structurally
deepest part of the Central basin by streams flowing northwestward
from a Precambrian terrane east of the basin in the position of the
preaent.Brazos and Sangre de Cristo uplifts. The Nacimiento uplift
may have stood as low hills shedding sediment eroded from Paleozoic
and Mesozoic rocks exposed on the uplift. The position of the uplift
probably deflected streams flowing westward so that some of them were
directed around the northern end of the uplift and into the basin aear
Canyoncito de las Yeguas. The northeastward thinning of the Regina
member of the San Jose formation across T. 24 N., R. 1 W. probably
indicates that, at the time of deposition of stratigraphically equivalent
rocks of the lower part of the Llaves member, the monocline on the
western side of the French Mesa-Gallina uplift was being formed. The
large northwest-trending anticlines of the Archuleta anticlinorium may
have stood as topographic highs. If this is so, the westward-flowing
streams carrying coarse detritus from the Brazos-Sangre de Cristo
region across the Chama basin probably were channeled around the
southern part of the Archuleta anticlinorium, and entered the San Juan
Basin near the position of Canyoncito de las Yeguas. Detritus eroded
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from sedimentary rocks on the Nacimiento uplift and Chaco slope were
| depo_titeti in the southern part of the basin as the Regina member and inter-
fingered with the southern edge of coarse material of the Llaves member.
Detritus, prc;bably from the San Juan dome, was deposited as a facies
similar to the Regina member, but on the northern side of the Llaves fan

north of the present area of investigation.

Tapicitos Member

Above the persistent medial sandstone of the Llaves member
on the northern part of the Tapicitos Plateau is a sequence of maroon
and variegated shale with intercalated thin to thick lenticular sand-
stone beds that are (along with stratigraphically equivalent beds of the
upper part of the Llaves member) the youngest rocks of the San Jose
formation. This unit is here named the Tapicitos member of the San
Jose formation for exposures in the upper drainage of Tapicitos Creek,
and near Tapicitos Post Office. The member is well exposed also in
the upper drainage of Gavilan Creek above Gavilan, in the cliffs and bad-
lahds just west of the Continental Divide in the eastern part of T, 25 N,,
R. 2 W. and in the western part of T. 25N., R. 1 W,
Exposures along State Highway 95 east of upper Gavilan Creek
., insecs. 1, 2, andi§), T. 25N., R. 2 W. may be considered as typical
‘ :,o'f the Ttmmr although a ’otﬁhd stratigraphic section was
not xnounﬂ‘ Here the Tapicitos member rests on the persistent medial
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sandstone of the Llaves member and is estimated to be about 450 feer
lthfck. The lower part of the fl‘apdéitos member is abouf 300 feet thich
and consists miostly of slope-forming pale-red to maroon clay shaie,
siltstone, and mudstone with some variegated white, gray, and purplish
beds. The shale contains lenticular, soft, white and yellow sandsione

and some beds of h#rd gray sandstone. Above this iz & tongue of the Llaves
member consisting of several beds of hard coarse -grained saadstone of
varied thickness. This sandstone tongue, 20-30 feet thick, holds up cliffs
and small benches, and farther west the tongue changes laterally into
lenticular beds of aa.ndltoné included in the Tapicitos member. Above this
is more slope-forming red clay shale, siltstone and interbedded sandy
shale and thin sandstone, all estimated to be about 120 feet thick. The
Tapicitos member is overlain by a tongue o thick cliff-forming sandstone
of the Llaves member which caps the highest mesas on the Continental
Divide to the north. The .Tapicitos member, as here defined, is equiva-
lent to most of the ""Largo facies'" of Simpson (1948, p. 369) although.the
lowest beds of the Largo facies are included in the Regina member. A
stratigraphic section describing the Largo facies was measured by Simpson
(1948, p. 370-371) at a locality not precisely specified near the head of
the north branch of Oso Arroyo, in the southwestern part of T. 25 N.,

R. 1 W. A description of this section is included a¢ the end of this report.
The base of Simpson's stratigraphic section is probably about 25-50 feet
above the base of the Tapicitos member, and the highest beds described



are probably nearly equi;alont stratigraphically tothe tongue of the Llaves
2 A'iﬁ;mber separating the lo;vqi; and upper parts of the Tapic;tel member
north of Simqun'o nction. | |

| The Tnpiéitn member on the Tapicitos Plateau consists mainly
of reddish to maroon shale, but at all places containsbeds of thin to
thick, lenticular sandstone. Some of the sandstone beds are persistent
for several miles along the outcrop and locally form strong cliffs. These
su:dttoni'u xai*e brown to yellowish Buff. coarse grained and locally con-
glome ratic, cross bedded, and are lithologically similar to sandstone of
the Llaves member. Other sandstone beds are white, buff, or red;
fine to coarse grained and argillaceous; thin and nonpersistent; and are
lithologically similar to some sandstones of the Regina member. The
‘thickness of the Tapicitos member varies considerably because its
upper surface has been deeply eroded. The maximum thickness is about
5019_’ qut, and ft most places, the preserved part of the member is no more
than 200-3ﬂ0 feet thick.

The Tapicitos mémber tongues out eastward into the upper part

of the Llaves member in the western part of the Yeguas Mesas. Thick
tongues of red shale of the Tapicitos member grade laterally into red
shaly sandstone, or are Ireplacod laterally by yellowish-buff sandstone
- of the Llaves member. Some of the units of reddish sandstone and sandy
v;h.ale can be traced for considerable distances within the Llaves member;
iiawcvqr, they are mappr | - rbitrarily with the Llaves where they are
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predominantly sandstone and sandy shale.

The Tapicitos member seems to have been deposited as flond-~
plain and stream-chanvnelldeposita. The upper part of the Llaves member
is probably a part of the main fan of coarse detritus dumped where major
streams flowing from the highlands at the east entered the San Juan

'Basin. The coinpetence of these streams was less than that of the strsams
which deposited the lower and middle parts of the Llaves member, or the
neighboring highlands were worn down and did not contribute as much
coarse sediment as they had earlier, because the extent of the upper
part of the Llaves member is small compared to the extent of the lower
part. The thick, coarse-grained, lenticular sandstones of the Tapicitos
member were probably deposited in the main channels of streams flowing
westward from the fan. Because the Tapicitos member and its probable
equivalents farther to the north and northwest are preserved only in
limited areas in the axial part of the Central basin, it is impossible to
infer more than a general picture of its distribution and facies relation-
ships. Probably the Central basin was tectonically quiescent and was
filled by sediments of the Tapicitos member which lapped out across the
folded margins of the basin onto the surrounding plaiforms and slopes.
This seems to be indicated by the overlapping rehﬁon. of rocks assigned
to the upper part of the Regina member in the San Pedro Foothills near
La Jara Creek and in the northeastern part of T, 21 N., R. 1 W. A
similar overlap of Cretaceous rocks by coa;rse sandstone and red shale
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of the upper part of the San Jose occurs on the Hogback monocline in the
northwestern part of the basin (Baltz, 1953, p. 52-53).

The environments of deposition of the drab shales which charac-
terize the Regina member, and the maroon shales which characterize
the Tapicitos member were discussed briefly by Simpson (1948) who
referred to these rocks as the ""Almagre facies' and "Largo facies®,
respectively. Simpson quotes the conclusions of Van Houten (1945,

p. 442-444) concerning the interpretation of alternate banding of red
and pale clays common in continental deposits of the early Tertiary.
Van Houten has concluded that the gray and drab-colored sediments were
deposited in swampy lowland areas, whereas red beds were deposited
under drier conditions on savannahs. Simpson (1948, p. 380-38)
infers that the Almagre facies (included in the Regina member of

the present report) was deposited in a swampy environment, and that
the Largo facies (included in the uppermost part of the Regina mem-
ber, and in the Tapicitos member of the present repowt) was deposited
in savannah-like conditions. Although this inference seems to be
correct in the light of ecological evidence deduced from the faunas of
the two facies, the present writer believes that the main reason for
the difference in color of the lower and upper parts of the San Jose

.i- the difference in color of the older sedimentary rocks from which
the Eocene sediments were derived. The Cretacecus rocks which
seem to have provided much of the sediment of the Regm member
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are drab-cclored rocks v;vhich were deposited in marine environemnts,
or in swampy lowland areas during Cretaceous time. Sediments eroded
from these rocks were deposited in the San Juan Basin after having
been transported for only modérately short distances and were pro-
bably buried rapidly, thus retaining much of their original character.
Fed beds of Jurassic, Triassic, and Permian age which were exposed
after stripping of Cretaceous rocks from the uplifts surrounding the
San Juan Basin were already oxidized, and sediments deri?ed from
these rocks were deposited as second- or third-cycle red beds of the
upper part of the Regina member and the Tapicitos member. The
lithology of some beds of the Llaves and Tapicitos members is strik-

ingly similar to that of thé Chinle and Cutler formations.

Contacts

The San Jose formation rests on the Nacimiento forrpatiozi
with erosional and angular unconformify. In the suba.\u"face the 'Cuba
Mesa member truncates successively lower beds of the Nacimig.nto..
formation from north to south. The angularity between the Cuba MesaI.
and Nacimiento is less than 1° regionally, inasmuch as only about 600
feet of rocks are truncated in more than 30 miles. As previously
discussed, part of the thinning of the Nacimiento seems to take place
within the formation, but the study of the subsurface stratigraphy

shows that upper beds of the Nacimiento are cut out successively from

north to south.
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On the eastern side of the Central basin, the considerable
variation in thickness of the Nacimiento occurs in short distances
and the angular unconformity at the base of the San Jose represents
relatively sharp local folding rather than broad re'idnal tilting. The
excellent exposure of the angular unconformity between the Cuba Mesa
member and tho Nacimiento formation in sec. 11, T. 21 N., R. 1 W.
has been described earlier. At this locality the difference Letween
the angles of dip of these units is about 30°. In this same vicinity,
thin remnants of gray, olive-green, and maroon shale, red sandstone
containing limestone and chert pebBion. and white to gray sandstone
and coaly shale, occurring at the tops of the narrow divides between
the deep canyons, are tentatively assigned to the Regina member.
These rocks dip west at about 10° and are overlain with erosional
unconformity by high-level terrace deposits of boulaer conglome rate
of probable late Tertiary or Quaternary age. The best-exposed and
thickest remnant of th§ shales and sandstones is at the top of a steep
cliff in the south-central part of sec. 2, T. 21 N., R. 1 W, where
they rest with marked angular unconformity on overturned beds of
the Nacimiento formation, Ojo Alamo sandstone, Fruitland and Kirt-
land formations, and Lewis shale. At this place, the lowest part of
_the overlapping sequence is a local, gray conglomeratic chaanel .
nnd-tc;ne. Above this ade coaly shale and brown, -griy. and green
shale and thin buff sandstone. The entire sequence is about 130 feet
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- thick. These rocks are cut out entirely a short distance to the west

by a channel deposit of salmon-pink boulder gravel of the overlying
Tertiary or Qua.ternai-y terrace gravel. Remnants of reddish shale

and sandstone assigned to the Regina member rest on the Lewis shale

to the east, and remnants are preserved at the tops of narrow ridges

in sec. 11, T. 21 N. » R. 1 W, The stratigraphic position of these over-
lapping rocks was not determined with certainty, but they are lithologically
most similar to the upper part of the Regina member of the San Jose, or

to parts of the Tapicitos member. The overlapping rocks were assigned

tentatively to the upper part of the Regina member. Also, they are similar

to faulted rocks assigned to the Regina member and resting unconformably

on Lewis shale in sec. 23, T. 22 N., R. 1 W, These rocks appear to have

_ overlapped the Cuba Mesa member of the San Jose as well as other rocks.

The overlapping rocks at this locality contain teeth of Hyracotherium

("Eohippus') (G. G. Simpson,personal communication, 1959) and thus are

- definitely of Eocene age. These rocks are topographically lower than the

|

overlapping rocke farther south and appear to have been folded or Mui
down after their deposition.

It is of interest to note that cross section "A-A!" of Gardner

,.»uﬁ (1910, pl. 2) is drawn through the vicinity of the overlapping Regina

%‘,J‘ b rocks in oec; & T3 N0 1 VW, and he indicates that the !"Wti“;;l"
| j .\ rests with pronounced angular unconformity on Nacimiento, "Laramie',
¥ l—,! ’v Lewis, Mel_lvirde. and Mancos rocks, and is overlain by "Recent ‘

ke

B
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Bowlders'". Gardner (1910, p. 721) concluded that the ""Wasatch" over-
lappe(i older rocks and rested against the Precambrian at the foot of

San Pedro Mountain. Later workers (R,en'uk. 1931, p. 54-55; Dane, 1946,
fig. 2; Wood and Northrop, 1946; Simpson, 1948, p. 375-376) have shown
that Gardﬁer'l‘(l999. 1910) mapﬁng of the base of the "Wﬁsatc'h" along

the front of San Pedro Mountain is largely incorrect. However, the

~ observations of R. L. Koogle (personal communication) and the present

writer have confirmed that Gardner was at least partly right, and that
part of the San Jose does overlap older rocks at a few places llong the
front of San Pedro Mountain. Because the Tertiary or Quaternary gravels
conceal underlying rocks, it was not determined whether the remnante of
the Regina lap onto the Precambrian granite of San Pedro Monnuin as
stated by Gardner. There is no abundance of fragmeuts of Precambrian

rock in the Regina beds that would indicate that the Precambrian was

: exposed at this time, and the present writer believes that the Precambrian

core of the Nacimiento uplift was not exposed to erosion until after the
deposition of the San Jose forination, In this connection, Church and

Hack (1939) found remnants of a peculiar and distinctive chert resting on

_ Precambrian rocks on San Pedro Mountain. This chert was correlated
 with a unit of chert lying beneath the Abiquiu volcanic tuff of Smith (1938)

\ nnpsauw mummm.mum nummupm ‘This

o

4 M was namnd the Pedernal chert mcmber of the Abiquiu tuff by Church

and H‘ek (1?3&@1_?. 6&() ‘and was said to rest on a profound surface of
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erosion. The Abiquiu'rests on the El Rito formation (of Smith, 1938)
Qf.Eo;ena(?) age, is older than the Santa Fe formation (or group) of
Miocene, Pliocene, and Pleistocene age, and may be as old as Oligocene.
This would seem to indicate that Precambrian rocks of the Nacimiento
uplift were exposed to erosion in Eocene or Oligocene time. However,

it is possible ﬁat part of the Pede rnal chert is a silicified zone causéd by
deposition of silica leached from the Abiquiu tuff by groundwater and
deposited at the base of the formation, and thus not necessarily a strati-
graphic unit. Also, the description of the Pedernal chert and associated
limestone resting on Precambrian rocks at scattered outcrops on San Pedro
Mountain (Church and Hack, 1939, p. 620) is similar to the description of
the chertified upper part of the Arroyo Penasco formation of Mississippian
age (Fitzsimmons, Armstrong, and Gordon, 1956) which rests on the
Precambrian at places in the Nacimiento uplift. Fitzsimmons, Armstrong,
and Gordon (1956) and Hutson (1958, p. 9) found the Arroyo Penasco to be
present near the northern end of San Pedro Mountain. At any rate, the
stratigraphic evidence cannot be said to show conclusively that Precam-
brian rocks were exposed to erosion on the Nacimiento uplift during
deposition of the San Jose formation, and the extensive erosion surface cut

on Precambrian rocks on the Nacimiento uplift may have been developed in

riiddle and late Tertiary time during formation of the Rio Grande trough.
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Age and Correlation

The San Jbse formation of the present area is of early Eocene
age, and according to Simpson (1948, p. 382-383) the San Jose was
deposited probably during early and middle Wasatchian time. Corre~
lation of the»San Jose of the type region of the present repoi-t with
jrocks called "Wasatch' in other parts of the San Juan Basin is teata-

[ _ :

b ',tive‘. There is no doubt that the large part of the San Jose correlates
with most of the "Wasatch'" of other investigators; the main problem
lies in the definition of the lower boundary of the formation ouu%de
.the present area. The} upper part of the Nacimiento formation at
"pla.cel covntains‘ conglomeratic arkosic sandstone similar to that of
the Cul;a Mel; membgr‘ of the San Jose, and there is a possibility of
confusing thesg rocks with sandstone beds of the Cuba Mesa member
of the San Jose which rest unconformably on the Nacimiento. |

The contact of the San Jose is easily traced in the southern
part of the area and it was traced by the writer to the west side of the
drainage divide west of Lybrooks (Fig. 1) in T. 23 N., R. 7 W., west

oitho area of the present report. The contact of the Nacimiento and

g San 3ou'wtl traced northward from Lybrooks to the vicinity of Cedar

Hﬂl. New Mexico, on the Animas River near the Colorado-New Mexico
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in all details, to the base of the '"Wasatch' mapped by Reeside (1924,

pl. 1). In the vicinity of Cedar Hill and to the north in Colorado, the

Nacimiento formation contains thick beds of coarse-grained sandstone

simitedto the BRoKT part of the San Jose. The base of the San Jose
(Wasatch) was mapped by Reeside (1924, p. 40-41) as the base of a
thick, periilteht sandstone in this area. Reeside found tht the sand-
stone: beds of the Nacimiento (Torrejon) formation are lenticular. The
basal sandstone of the '"Wasatch" in the vicinity of the Colorado-New Mexico
boundary near Cedar Hill was said by Reeside to be equtvtleht to the
Tiffany beds. However, as pointed out by Barnes (1953), it is imposs~
ible to precisely trace the contact northward to the quarries in the
southern part of thehHiD Hills in Colorado where the Tiffany fossils
were found. Barnes expressed uncertainty about cofrelatin. Ktbta basal
rocks of the Wasatch from the Animas River to the southern part

of the H-D Hills; however, reconnaissance examination of tl\is

area by R. B. O'Sullivan and the writer 6§;crminad that Barnes'

"bed d" above the Tiffany beds in the southern part of the H-D Hills

is equivalent, or nearly so, to "bed a'' of Barnes which is the base

. of the ""Wasatch' as mapped by Reeside (1924, pl. 1) in the cmfon
of Am‘ Mnr near the New Mexico-Ceolorado boqnda.ry.‘ If this is

¥ ‘mctmtho Stn Jose ﬁormation is prohthly ouu'ely Eoeou in fh‘

l - ;ieqn pa.!t of the basin as it is in the present arca of inv«ti-

g&ﬁon; It is beliovod as poir '~ out earlier in this report that the
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Tiffany beds probably should be included in the stratigraphic interval
of the Nacimiento and Animas formations.

The basal part of the San Jose is conglome ratic arkosic sand-
stone throughdu_t the San Juan Basin, except locally south of Durango,
Colorado (Baltz, 1953, p. 61-62; Reeside, 1924, p- 40-41). This
sandstone, or zone of sandstones, in most of the basin is probably
1 cgﬂivﬁ;lent tyo the Cuba Mesa member. The Regina member is pre-
i !" ¢ ssut scross much of the central part of the basin as far west as the

lower part of Canyon Largo.

3 The Regina member tongues out norfhward into the lower

F pu't of the Llavel member which is present in a nerthmu-tmdh‘

belt from the vicinity of Canyoncito de las Yeguas, to the Mesa Rm
tains and southern part of Bridge Timber Mountain in Colerado. The
bold cliffs of undltone of the San Jose east of Aztec, and. 1n the cmywn

1 e X

of the Atﬁmas River:.on both sides of the Colorado-an mm ‘bound -

ary are composed of rocks probably equivalent to both the Cuba Mesa
and Llaves members. These rolckl.wcre referred to as the '"heavy
~ sandstone (Yeguas Canyon) facies' by the writer in a previous report
" (Balts, 1953, p. 61-63, 92).

;n the northern third of the Central basin in Néw Mexico and 4
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seems to persist across the northern part of the Centrul basir where
it is unde‘rlain at most places by sandstone equivalent to the Cuba Mesa
member. Rocks probably, or nearly, equivalent to the persistent
medial sandstone of the Llaves member also are present above the
x‘xorthe;'n shale unit,at many places in the northern part of the basin.
The sandstones capping Carracas Mesa east of the San Juan River
near the Colorado-New Mexico boundary, and the highest sandstones
capping the Mesa Mountains and H-D Hills, :elpectively, southeast
and east of Durango, Colorado, may also be equivalent to the medial
sandstone of the Llaves member. A persistent sandstone occurring
near the top of Bridge Timber Mountain southwest of Durango may
also be equivalenf to the medial sandstone of the Llaves member. This
sax'xdntone aﬁd the overlying rocks which are predominantly red shale
overlap Cretacecus rocks on the Hogback monocline.

The Tapicitos member is present over a large region on the
Tapicitos Plateau in the east-central part of tﬁc Central Salin, and
the highest red beds of the San Jose on Bridge Timber Mountain in the
 northwest part of the basin probably are equivalent to the Tapicitos
@mhr.

In view of the rapid variations in lithology of the continental deposits
o! the San Jose, and the unconformities known to occur at various plag¥y,
' correlations of the members should be considered only as tentative.
Detailed mapping in parts of the basin will be necessary to determine
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with assurance the Qistribution and relations of 21 the members ¢ e
San Jose formation;

The possible correlation of the San Jose with the Blance B, .sin
formation of ﬁm southern San Juan Mountains has been suggested. Curoase
and Larsen (19_35, p- 48-50) named and described this formation com-
posed of arkosic conglomerate, sandstone, and shale, and assigned
a questionable Oligocene age to it because of its étraﬁgraphic position
unconformably above the‘ rocks ranging in age from Tertiary (Animas
formation) to Prec#&nbrian. and below volcanic rocks of questionable
Miocene age. Cr‘&oss and Larsen cor.relate‘d the Blanco Basin with the
Telluride congloinerate of the western San Juan Mountains. Several
writers have suggested that the Blanco Basia is equivalent to the San
Jose (or Wasatch) formation (Baltz, 1953, p. 76-77; Van Houten,

1957; Kelley, 1957, p. 157; Muehlberger. and others, 1960, p. 99).
Although the obvious lithologic similarity makes this correlation
attractive, no .fouila have been reported from the Blanco Basin
formation, and structural considerations cast some dQubt on the cor-
relation. The Blanco Basin in the San Juan Mountains is at higher
altitude than the San Jose fofmation in the San Juan Basin, and this
may indicate that it is younger than the San Jose. The Blanco Basin
formation may have been deposited in an area where rocks equivalent

- to the San Jose were never present, or from which they had been
stripped by erosion before deposition of the Blanco Basin. On the other
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hand, some of the younger rocks of the San Jose overlap older Tertiary
and Cretaceous rocks at places on the Hogback monocline and at the
foot of San Pedro Mountain, probably indicating that the Central basin

was filled with sediments in Eocene time, and the youngest sediments

of the San Jose were deposited outside the margins of the Central basin

as well. The overlapping rocks of the San Jose are tilted slightly,
indicating that depression of the basin, or elevation of surrounding up-
lifts (or botl;) occurred after deposition of the latest San Jose rocks.

I_i’ the Blanco Basin is equivalent to latest San Jose rocks, this post-
San Jose folding would explain the difference in altitude of the two
formations.

Similar arguments may be applied to the correlation of the

San Jose formation and the El Rito formation (of Smith, 1938) of

| probable Eocene age, which occurs in the Brazos uplift and northeast-

ern part of the Nacimiento uplift. Muehlberg.er and others (1960, p. 99)
have stated that the Blanco Basin formaticn interfingers with and grades
southward into the El Rito formation. ‘There is no doubt that the coarse
debris of the El Rito was deposited by streams flowing southwestward
and westward from Precambrian terranes of the Brazos uplift, and the

north-south distribution of the coarse conglonue rates of the El Rito is

» simﬂu'to the north-south distribution of the conglomeratic sandstones

of the Llaves member of the San Jose {ormation. Both of these factors and
the lithologic similarity favor correla'on of the San Jose and El Rito
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formations. However, the El Rito is at higher aititudes (except wher,
it has been faulted or tilted down toward the Rio Grande trough) than
the San Jose formation.
The ﬁhnco Basin and El Rito formations probably are equiva-
lent to the youggeat rocks of the San Jose formation, or possibly to
slightly founger rocks that were part of the same depositional sequence,
‘but are not.| preserved in the San Juan Basin. The Blanco Basin and

El Rito formations probably were deposited during the closing phases

of Eocene sedimentation when the basin of deposition was nearly filled
and the sediments began to lap onto the worn-down highlands which were
the source terranes of older Eocene sediments. The last-deposited
sediments may have been as young as Oligocene.

The San Jose formation is equivalent, in part at least, to other
early Tertiary rocks in the southern Rocky Mountain region. The
Cuchara ard ﬁuerfano formations in the ﬁorthern Raton basin east of
the Sangre de Cristo Mountains are earljr and middle Eocene in age
(Johnson and Wood, 1956) and their facies is similar to that of the San
Jose formation. The Galisteo formation of the Galisteo basin east of
the Rio Grande, southeast of the Nacimiento uplift is similar litholo~
gically to the San Jose formation and may have been related genetically
to the San Jose, although deposited in an entirely different basin.
Stearns (1943, pl 310-311) found Duchesnean (late Mn‘) fossils in
the upper ﬁtrt of the Galisteo which is as much as 4, 500 feet thick.
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. The lower part may be early and middle Eocene in age, and may contain

| Paleocené beds.

| Igneous Rocks

'Ifhree\'dil'tel of igneous rock occur along joints in the Tapicitos
member of th‘e S;n Jose formation on the Tapicitos Plateau. The
southernmost dike is'in segs. 24 and 25, T. 26 N., R. 3W. It is
'ﬂl:out 1 1'14 iniles ldng and trends about N. 8° E. North of this, in sec.

24, is another dike about three-fourths of a mile long, treanding N. 27° g, :

- North and east of the short dike is another dike beginning in the southern

part of sec. 18, T. 26 N., R. 2 W. and extending northward past the

northern boundary of the area. This dike trends N, 8° E. aad “ lbout

- 6 miles long including the part north of the area mapped. None of the

dike s appears to be more thtn 50 feet wide, and all are nearly vertical.
The dike rock is harder than the enclosing sedimentary rocks, and the
dikes form narrow ribs rising above hills eroded in the sandstone and
shale of the Tapicitos member.

The petrography of the dike rocks was not studied. The rock
consists of phenocrysts of plagioclase and pyroxene in a dense matrix,

and at places conuin. leopod. partly digested material much of which

e 4- rceppiuhle as altcnd wall rock of the BanJou formuﬁon 'rh.

Ay vﬂ} rc»ch is babd for several feet on cithor side of the “n.

' The dikal at phccl have vertical and horizontal Se‘ltu. In the
vicinity of 'ra.glcitou Creek, some of the horizontal i ints can be
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traced into bedding planes in the adjacent sandstone and shale of the
Tapicitos membez, and the horizontal joints appear to be related in
some manner to the bedding of the sedimentary rocks into which the
magma of the dike rock was intruded.

foe dikes described above are similar in petrography, struc-
ture, and alinefnent to those of a broad dike swarm a few miles to the
north. The north-northeast-trending lunpiophyre dikes of the swarm
were mapped by Dane‘ (1948) who discussed their relations to the rocks
of the northeastern part of the San Juan Basin, and concluded that they
are probably of Mioéeno age. By analogy, the dikes in the pre-aent

area are classified as Miocene(?).

Tertiary or Quaternary Deposits

High Terrace Gravel

Gravel composed mainly of boulders, cobbles, and pebbles
of granite caps small westward-sloping, high-level terraces at the foot
of San Pedro Mountain. The granite of the pebbles, cobbles, and boulders
is a pink to ‘reddhh—brown and purplish-brown, coarse-grained, dense,
hard rock, identical with the Precambrian granite of the core of San Pedro
‘ Mountain from which it must have been derived. The deposits (QTg)
consist of local remnants of gravel 50-100 feet thick preserved at alti-
tudes ranging from about 8, 000 feet to about 8§, 400 feet.

The gravel was deposited on an erosional surface at the foot
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of San Pedro Mountain probably at a time before the region had beeun
dissected greatly by e:osion. Remnants of the surface are found also

at the northern end of the mountain where they are overlain at places

by grs\(el coxﬁpoaed mainly of fragments of sedimentary rockas. The
remnants of the surface at the northern end of San Pedro Mountain

(east of the area mapped) were correlated by Bryan and McCann (1936,
p. 156) with the Ortiz surface which is said to be of Pilocene or Pleis-~
tocene age. A study. of topographic maps of the northern part of the

San Juan Basin indicates to the present writer that the erosional sur-
face on which the high-level gravel was deposited at the foot of San
Pedro Mountain may be equivalent to the surface on which the Bridge-~
timber gravel was deposited southwest of Durango, Colorado. The top
of Bridge Timber Mountain is at an altitude of about 8,270 feet.

Atwood and Mather (1932, p. 89) considered the surface beneath the
Bridgetimber gravel to be part of the San Juan peneplane of late Pliocene
age, and the Bridgetimber gravel to be pre-glacial and thus of Pliocene
or early Pleistocene age. For these reasons the high-level gravel along
the western side of San Pedro Mountain is assigned a Pliocene or
Pleistocene age. The gravel is believed to have been deposited as parts
of alluvial fans lying on a woltwardoolopiq pediment cut at the base of

San Pedro Mountain,
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Quaternary Deposits
Terrace ‘Gravel, Colluvium, and Stream-channel Gravel
Terrace gravel, colluvium, and stream-channel gravel (Qcg)

'occur in the San Pedro Foothills at lower topographic levels than the
Tertiary or Quaternary gravel. The terrace gravel consists mainly

of pebbles, cobbles, and boulders of Precambrian granite, but some

of the fragments are sandstone and limestone from the Paleozoic and
Mesozoic rocks exposed along the western side of San Pedro Mountain.
The colluvium consists of slope wash and gravel slumped from terraces
and lying on gently sloping canyon walls and sides of valleys. Stream-
ché.nnel gravel occurs in the upper parts of some streams. The gravel
and colluvium contain clay and sand reworked from Mesozoic and
Paleozoic rocks. '

Patches of gravel consisting mainly of pebbles, cobbles,

and boulders of Precambrian granite cap low-level terraces along
-San Jose Creek and the western side of the Rio Puerco, near Rito Leche
east of Cuba, and in sec. 33, T. 20N., R. 1 E. The erosional surfaces
preserved beneath the gravels are said by Bryan and McCann (1936, p. 164)
‘to have been parts of the Rito Leche pediment which was defined as a
widespread erosional level graded to a ltl.: of the Rio Puerco younger
than the "La Jara pediment' but older than the present stage of the Puerco.
The preunt:'vrite:' found boulders of Precambrian granite littering the
slopes of a narrow, westward-trending hill of rocks of the Nacimiento
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formation in sec. 14, T. 20 N., R. 2 W. It is apparent that this hill
was form;rly capped by terrace gravel, and this may indicate that the
upper part of the Rio éuerco formerly flowed to the west for an unkaown
distance. The present southerly course of the Rio Puerco in the southern
part of the area may be the result of stream capture during the destruc-
tion of the Rio Leche pediment by recent headward-cutting of the lower
part of the Rio Puerco.

Small patches of colluvium, colluvial boulders, and pebble
and cobble gravel occur on eastward-facing slopes cut mainly on the
Lewis shale in T. 25 and 26 N., R. 1 E. The deposits lying on the slopes
in T. 25 N., R. 1 E. are mainly sandy colluvium containing large sand-
stone boulderi slumped from the Fruitland, Kirtland, and Ojo Alamo
cliffs above. Small patches of gravel lying on the Nacimiento formation,
Ojo Alamo sandstone, Fruitland, and Kirtland formations in secs. 4, 8,
and 17, T. 25 N., R. 1 E. are composed of pebbles and cobbles of granite,
quartzite, and und\ltona washed from the sandstone cliffs of the San Jose

formation at the west.

Alluvium

Alluvium consisting of sand, silt, and clay with minor amounts
of gravel occurs in the valleys of all of the major perennial and inter-
mittent streams in the area. The anuv}ium is of Plcistocene and Recent
age and is the youngest deposit of the area. Mos' ' the deposits of
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alluvium are being eroded at present, and the stream channels are
entrenched in arroyos cut recently in the alluvium. The allavium (Qatl)
shown on the geologic map (Fig. 2) was mapped conservatively to include
only the thicker alluvial deposits of the major valleys and does not
include soil oﬁ slopes and minor patches of alluvium. Sparse data
indicate that at most_places the alluvium is less than 100 feet and

commonly less than 50 feet thick.

188



!
|

GEOLOGIC STRUCTURE
Regional Setting
The area of this report is in the east-central part of the San

Juan Basin, a large Laramide structural basin in northwestern New
Mexico and southwestern Colorado (Fig. 9). The east-west width of the
basin is about 135 miles, and its north-south length is about 180 miles.

] ; Thegtectouﬁ: elements of the basin were first defined by Kelley
(1950, p. 103-104), who also defined the boundaries of the basin. In
la.ter works Kelley (1955; 1957a and b; also Kelley and Clinton, 1960),

slightly modified the terminology and selected slightly different bound-

aries for several units. Traditionally, the term San Juan Basin has

been used by most geologists to denote the large feature as defined in

Kelley's earlier (1950, p. 101) work, and it is in this general sense

~that the term San Juan Basin is used in the present report. The term-
: inology of the structural elements shown on Figure 9 is about the same
KoFy : e Kelley's 1955 (p. 23 and fig. 2) terminology with a few modifications

by the present writer.

The Central basin is asymmetrical with the structurally deepest
pu-t bdng much nearer the northern edge than the southern edge of the
basin. The Central basin is bounded along part of the northeastern, the
northwestern, and the western sides by monoclinal structures, and is
enclosed on the north, west, and south by gently inward-dipping struct-
ural phtfdrml and slopes. The sast-central structural boundary is the
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north-trending Nacimiento fault. This fault separates the basin from
the Nacimiento uplift of which Sierra Nacimiento and San Pedro Mountain
are parts.

North of the Nacimiento uplift the boundary of the Central basin

jogs to the eait, and the northeast:rn boundary is an arcuate belt of

faulted anticlines and synclines which have been uplifted above the

‘Central basin along a curving monocline. The southern part of the belt

of folds was designated by Kelly (1957b, fig. 1, and p,47) as the French
Mesa and Gallina uplifts. The northern part of the belt of faulted folds
was called the Archuleta anticlinoriu;n by Wood, Kelley, and MacAlpin
(1948).

East of the French Mesa-Gallina uplift and the Archuleta anti-

clinorium is a shallow structural basin. This has been called the Chama

- basin by Kelley (1955, p. 23) and by Budding, Pitrat, and Smith (1960,

p- 78). The western limb of the Chama basin merges into the uplift and
the anticlinorium, and the eastern limb merges into the faulted monocline
along the western side of the Brazos uplift. Although the Chama basin
has the conﬁgﬁraﬁoa of a shallow syncline, it is structurally cansiderably

high§r than/the San Juan Basin.

Description of Ssructure

Structure Contour Map

The structure of most of the area is portrayed on Figure 4 by

structure contour lines. The base of the Ojo Alamo sandstone was chosen
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as the contour datum because the Ojo Alamo s pe raistent throughout

the area..~ and because its base is easily determ ned and correlated

by means of electric logs of most wells drilled for oil and gas in the
region. On a few logs there was some uncertainty about the exact
ponifion’ of the base of .the Ojo Alamo, but in nearly all these cases

the ltratijra.phic inte?val in question is considerably less than 50

feet, and thus is less than half the contour interval. Because of the
unconformity at the base of the Ojo Alamo the datum is probably about the
same age throughout the area. The contours on the base of the Ojo Alamo
do not depict the exact structure of rocks older than the Ojo Al&m§ because
of the unconformity; however, .the structure of the older rocks i; not
greatly different from that of the Ojo Alamo except near the eastern

edge of the present area. Also, the structure of rocks of the San Jose
formation is not exactly the same as that of the Ojo Alamo because of

the unconformity at the base of the San Jose.

Folds

" Most of the present area of investigation lies within the Central
basin, and its geologic structure is simple. The structural axis of the
eastern part of the basin trends southeastward diagonally across the
northeastern part of the area from the northwest corner of T. 26 N.,
R. 3 W. to the southeastern part of T. 24 N., R. | W. where the axis
qut in the sharply folded rocks at the easte n side of the basin

(Figs. 2.4).
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| Most of the present area lies south of the axis of the San Juan Ba ..
and the rocks of this region dip gently northeastward on 2 broad struc' cal
slope. At most place? the dip is one degree or less. In the nusthera
part of T. 20 N., R. 2 -4 W. and the southern part of T. 21 N., R. 5 W.,
near the outcrop of the Cuba Mesa member of the San Jose formation, the
ﬁorthenntward dip increases to as much as 5° locally where a narrow
northwest-trending belt of steeper gipl interrupts the homoclinal struc-
|

tural slope. South of this anticlinal be;xd in the southwestern part of the
area the dips are mostly 1°-2° to the northeast.

In the sou!:heastern part of the area the structure contours bend
northeastward through a series of broad, low, north-northwest-plung-
ing anticlinal noses, and the regional dip of the rocks i’n to the northwest.
The dip of the rocks is locally more than 10° in this part of the area but
becomes progressively less to the northwest toward the interior of the
basin. The anticlinal noses are in part older than the San Jose formation,
as shown by angular unconformity between the Nacimiento and San Jose
formations on some of the folds. However, the San Jose formation is
folded also, and most of the major anticlinal and synclinal structures
involving rocks of the San Jose formation seem to be rejuvenated older
folds. Some of the folds were formed after deposition of the Cuba Mesa
member and du?ri_ng or after deposition of the Regina member. In general,

the anticlinal noses are asymmn.  cal, having comparatively steep

western limbs and gently dippi astern limbs. In places, their
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symmetry is nearly that of monoclines or structural erraces. 7The broad
curving aﬁticlinal nose (here called the Johnson anticline) at the west side
of Mesa Portal has a steeper eastern limb locally and is an exception
to the genei’alization. The anticlinal nose crossing Mesa Portal in the
eastern part of T. :20 N., R. 2 W. is asymmetrical to the west. This
' no;e /s\eéms to be a northern extension of the La Ventana anticli_ne (Fig. 12).
The plunging anticline trending north-northwest across T. 20N., R. 1 W,
and the western part of T. 21 N., R. 1 W. is here called the San Pablo
anticline. The anticlinal nose in the central part of T. 21 N., R. 1 W,
east and northeast of Cuba, is here called the Rito Leche anticlinal nose.
South of Rito Leche, the southeastern part of this fold has been rotated
into a westward-sloping anticlinal bend, and farther south, the fold is
overturned. The bend in the outcrop belt of the Mesaverde group near
Senorito probably reflects the overturned western limb of this older fold
which was deformed during the main elevation of the Nacimiente uplift in
San Jose time and later. The southeastern part of the San Pablo anticline
also has been rotated to the west to form an anticlinal bend south of the
present area(Wood and Northrop, 1946, structure section E-E'; also
]lee cross section D, Fig. 13 of this report).

In a narrow belt along the eastern side of the area the rocks dip
2° to 20° west and the contours trend more or less north. However, the
contours are locally deflected by north-northwest-plunging anticlinal noses

in the subsurface. These noses are not reflected noticeably in the
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structur? of rocks of the San Jose formation &t the surface in this region,
presumably because they were formed before deposition of the San Jose
as indicated by the unconformity at the base of the formation. The position
of contours on the nos;u is based mainly on surface stratigraphic relations
in the San Pearo Foothills indicating thickening and thinning of the
Nacxmiento formanon beneath the unconformity. The depicted ponit;on
of the buned anticlinal nose in the southern part of T. 24 N., R. 1 W.
and northern part of T, 23 N., R. 1 W. is controlled by subsurface data
also. The depicted position of the nose in the eastern part of T. 24 N.,
R. 1 W. also is controlled in part by subsurface data as well as by
surface data which indicate a considerable thinning of the Nacimiento
formation on this structure. The nose shown in the east-central part
of T. 22 N., R. 1 W. is an interpretation based mainly on the observed
thinning~of the Nacimiento formation beneath the Cuba Mesa member of
the San Jose formation in the southern part of the San Pedro Foothills.
Along the eastern side of the area at the foot of Sierra Nacimiento
and San Pedro Mountain the sedimentary rocks have been folded up abruptly,
and at places are vertical or overturned and dip steeply eastward. Dips
as low as 50° east were observed in overturned beds at a‘few places in
the southern part of the San Pedro Foothills, but at most places the dips
are steeper than this. Generally, the greatest overturning occurs in
1‘:ho'<bed| preserved on j:he highest parts of the ridges, and beds exposed
in the bottoms of the deep canyons are nearly vertical or dip steeply west.
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The lhafp folding occurs along a north-trending synclinal bend located
at most places near the eastern edge of the outcrop belt of the Regina
member of the San Jose formation (Fig. 2). The axis of the synclinal
bend is parangl to the Nacimiento uplift and lies west of the Nacimiento
fault.

North of San Pedro Mountain, the steeply dipping latest Cretaceous
and Tértiary récks of the Northern Hogback Belt are involved in a west-
facing monoclinal flexure and are bent eaoﬁard around a low; northeast-
erly trending anticline which lies north of the Nacimiento uplift in the
northwestern part of T. 23 N., R. 1 E. In the west-central part of T. 24 N.,
R. 1 W., the west-dipping rocks are bent into a sinuous but generally
northward trend along a monoclinal ﬂe:;ure that forms the western side
of the French Mesa~Gallina uplift which lies just east of the northeastern
part of the present area. The dip of rocks on the western limb of the
monoclinal flexure becomes progressively less northward from T. 24 N.,
R. 1E. InT. 26 N., R. 1 E. the westward-dipping rocks of the monocline
trend north-northwest along the west flank of a northwest-plunging anti-
clinal nose. On the bagis of the outcrop pattern of the Mesaverde group,
the trace of the axial plane of this nose probably trends diagonally through
sec. 2, T. 26 N., R. 1 E. The fold, here called the Puerto Chiquito
anticlinal nose, is on the western flank of the north-trending French Mesa-

Gallina uplift which lies east of the present area (Fig. 12).
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The synclinal bend west of the Nacimiento fault extends northward
and forn&u the foot of the monocline that lies north of the uplift. In the
southeastern part of T. 24 N., R. 1 W. and adjacent partQ of T. 24 N.,

R. 1E, and T. 23 N., R. 1 W., a shallow northeast-trending syncline
and the parallel, narrdw. sharply folded Schmitz anticline lie west of a
northeast-trending segment of steeply digpdn( beds on the monocline north
of the Nacimiento uplift. Beds of the Rogin.a member of the San Jose
formation are the folded rocks at the surface. The interpretation of the
subsurface structure of the Ojo Alamo sandstone shown by structure
contours on Figure 4 is based on construction of cross sections using the
dips of rocks of the San Joté a.t.tho surface. However, it is possible that
the Schmitz anticline is mainiy a shallow structure in the San Jose forma-
tion, and the fold may die out with depth. The anticline in the San Jose
couid have been caused by ;::rowding and crumpling near the southeastward-
dipping axial plane of the major synclinal bend at the foot of the monocline.
Fitter (1958, fig. 3) ha; shown these structures as a horst and a graben
rather than an anticline and syncline. The writer traced Hedl across the

x .. T

features shown as faults by Fitter without ﬁnciing evidence of faults ini

the surface rocks.

Faults

At places in the southeastern and eastern parts of the mapped area
(Fits. 2,4 the rocks are broken by normal faults. In secs. 24 and 25, T.
20N., R. 3 W., the Ojo Alamo sandstone on the Johnson aﬁticline is
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broken by a north-northeast-trending normal fault downthrown to the west.
The vertical separation on this fault is probably 50 feet or less, and the
fault seems to die out _rapcidly to the north. Twoc nermal faults, downth.rown
to the west, displace the Mancos shale, Mesaverde group, aund Lewis shale
near the cre s.t of the San Pablo anticline.

Several normal faults displace the overlapping beds of the Regina
member of the San Jose fo_rmation and older rocks in sec. 20, T. 22 N.,
R. 1 W, (Fig. 2). The rocks are downthrown to the northeast on all the
faults. The vertical separation of the Regina rnember along each of these
faults is probably less than 200 feet. It is not known how these faults are |
related to the Nacimientp fault which lies a short distance to the ea.‘t.
Possibly ’tﬁe normal faults were formed during pre-5an Jose folding and
rejuvenated during or after deposition of the Regina membor The over-
lapping Regina beds are at lower altitudes near La. Jara Creek than they are
several miles to the south. This may indicate that the faults were formed
or rejuvenated during downbuckling of the basin as the block east of the
Na;cimiento fault was elevated. e

Farther north in the San Pedro Feothills, the Mesaverde and younger

rbcks dip west much less steeply north of San Jose Creek than they do

south of it. The dips are steeper again farther to the north. The local

‘area of gentler dips is in the position believed to be the sharply tilted

eastern part of a northwest -plunging pre-5an Jose syncliné flanked on
the north by a tilted northwest-plunging pre-San Jose anticline. The rocks
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east of tl'xev Masaverde group are broken by several normal faults.
Rocks in the Northern Hogback Belt are cut at several places
'by faults that strike nearly normal to the beds. Three faults of this type
displace lteeply dxpp:ng rocks of the undivided Fruitland and Kirtland
formations and the Ojo A,lamo sandstone in parts of secs 10, 11, and 15,
T. 23 N., R. 1 W. (Fig. 2). Similar faults displace steeply dipping rocks
of the Mesaverde grbup along the sharp bend in the hogback in secs, 21,
72'9, and 32, T. 24 N.,. R. 1 E. On all these faults the normal horizontal
separation is left-lateral and the block south of the fault is offset to the
east relative to the block north of the fault. The rocks south of the fault
in sec. 32, T. 24 N , R. 1 E. dip much less steeply than do the rocks
north of the fault, and the apparent offset is not in the direction which
would be expected if these faults were small tears formed during westward-
thrusting of the Nacimiento uplift. A northerly trending normal fault
displaces the Mesaverde group and adjacent rocks along Archuleta Arroyo
near the center of Tt 26 N., k. )1 E, 'I‘he‘ fault is do;wnthrow'p to the east
and, parallel to the fault, the horizontal s;par“atidn is left'-lato’ra'l.
A small overthrust fault occurs 'in the NE 1/4 SW 1/4 sec. 11,

T. 21 N., R. 1 W. where overturned beds of the Fruitland apd Kirtland
formations, Ojo Ala.mo sandstone, and Nacimiente f&émgtion are ‘o,fmfut
about 50 feet along an elm;rc}l‘-ﬁ.pping iew-angle hult c;;rerﬁmlt toiqud‘

the west. T7is fault dies out in a short distance into overturned folded

“ké of ih/ Nacimiento formation. A high-angle fault do
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west in the central part of sec. 23, T. 21 N., R. 1 W. throws the upper
part of the Lewis shale against the undivided Fruitland and ¥ ~tian: f-
tions. Another high-angle fault, downthrown tc the west, throws the Lewis
shale against the Nacimiento formation in the NW 1/4 sec. 23, T. 22 N, .,
R,:1W, ‘

The north-trending Nacimiento fault and associated susaller faults
(Fig. 12) which define the b&mduy between the San Juan Basin and
Nacimiento uplift (Kelley and Clinton, 1960, p. 50-51) are east of the
Mesaverde group a;xd.ivern not mapped by the present writer, although
they were observed at places. Judging by the structure cross sections of
Wood and Northrop (1946) the maximum vertical separation on the Naci-
‘miento fault may be more than 6, 000 feet. Renick (1931) and Wood and
Northrop (1946) have indicated that the Nacimiento fault is an east-dipping
fault along which the Precambrian rocks of the Nacimiento uplift were
elevated and overthrust toward the west. According to Renick (1931, p. 73)
the westward movement on the fault was one-half mile to one mile. The
concept of overthrniting is open to other interpretation as will be discussed
later. Theiverticl.l‘throw on the Nacimiento fault becomes less at the north
end of San Pedro Mountain (Fig. 13) and the fault passes northward inte the
' G;lnnt fault (!‘ig.' 12): The W& fauit is a2 northeast-trending fault
which is nearly vertical and is downthrown te ' west near the Nacimiento
‘ uplift. The fault cuts aqr#n the structurally .gh"zt of the French Mesa-

‘Gallina uplift, and téerminates noyth of the Pv ‘o Chiquito anticlinal nose.
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'J’ointl

Joints were observed at many places but were not mapped or
studied for the present report. Kelley and Clinten (1960, fig. 2 and
p. 19-22) portray and describe the joint systems of the San Juan Basin,
including the ;rea of the present report. Within the present area,
according to Kelley and Clinton, joint sets trending N. 10° E. » N
75° W., and N. 35°E. to N. 60° E. are prominent. Sets trending about
60° W, are especially persistent near Lindrith, and sets of S. 65o E.,

S. 65° W. , and S. 25° W. are prominent west of the northern end of
the Nacimiento uplift.

From the pcint of view of topographic expression, joint sets
trending from about N. 8% E. to about N. 25° E. are the most prominent
and, in places, there is a marked ''grain' to the country following the
trend of these joints. This grain is particularly noticeable in the north-
central part of the area north of Canada Larga. Here many of the tribu-
taries of the major westward-flowing canyons follow north-northeast (or
south-southwest) courses, and the dikes of igneous rock on Tapicitos
Creek follow the north-northeast trend. North-northeast-oriented faults,
joints, and dikes are common features along the entire eastern side of
the San Juan Basin from the Lucero uplift northward into Colorado. In
the northern part of the basin, north of the present area, joints of the north-
northeast set have been intruded by a great swarm of Miocene(?) lampro-

phyre dikes (DDane, 1948),
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ANALYSIS OF REGIONAL STRUCTURE
General Statement

The major geologic structures of the mapped area (Fig. 2) are
folds of four general types which fall into two groups on the basis of orienta-
tion and symmetry. One group consists of folds whose axes are oriented
in northwesterly directions. The other group consists of folds oriented
mainly in a northerly direction.

The major nﬁrthwesterly trending fold is, of course, the San Juan
Basin. The northwesterly trending anticlina] noses in the eastern part
of the area are regionally minor structures superimposed on the larger
basinal feature and they do not obscure its general configuration (Figs. 4,
12). The major west-facing synclinal bend west of the Nacimiento fault
(Figs. 2, 12) parallels the north-trending Nacimiente uplift. North of the
uplift the synclinal bend forms the foot of the sinuous, west-facing mono-
cline at the southwestern edge of the French Mesa-Gallina.uplift. Near the
northern edge of the area the structural relief on this monocline decreases
and the synclinal bend at the foot of the monocline curves into a north-
westerly trend nearly parallel to the axis of the San Juan Basin.

The northwesterly treziding folds seem to indicate crustal
a.hortening in a northeast-southwest direction that might imply a regional
compressional stress oriented nearly in that dire'ction. The northerly
trending synclinal bend with its local areas of overturning along the
western side of the Nacimiento uplift has been thought to indicate crustal
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shortening in an east-west direction caused by westward thrusting of the
uplift along the Nacimiento fault (Renick, 1931, p. 71-79; Wood and
Northrop, 1946). This would seem to imply a westerly oriented regional
compressional stress. The unconformable relationship of the Nacimiento
and San Joseh formations in the present area indicates that the northwesterly
trending folds began to be formed before the northerly trending folds.
Howevér. the unconformities within the San Jose indicate that the San Juan
Basin continued to be depressed as the Nacimiento uplift was dlevated.

The final stages of depression of the basin and elevation of the upiift were
attended by the main movement on the Nacimiento fault after the deposi-
tion of the San Jose, but before the deposition of the Tertiary or Quater-
nary terrace gravels. A major problem of analysis, then, is to determine
how the two different structural trends (which might seem to require entirely
different forces for their production) could have been developed contem-
poraneously or, at least, during overlapping time periods.

The San Juan Basin and its bounding uplifts exhibit the two major
regional structural trends which characterize much of the eastern half of
the Colorado Plateau. The Zuni uplift at the south side of the basin and the
Archuleta anticlinorium and San Juan dome at the north side are north-
westerly trending and are generally parallel to the northwesterly trending
trough of the basin. The Defiance uplift at the west side of the basin and

the Nacimiento and French Mesa-Gallina up!'‘'s at the east side are

199



northerly trending. Thus, the over-all symmetry of the basin that is
partly inéluded within these uplifts approaches the symmetry of a parallel-
ogram or an oval whose long direction is oriented northwesterly, parallel
to the orienta'tion of the trough of the basin. Upon this over-all symmetry
is superimposed the poorly-developed circular symmetry of the Central
basin. This circular symmetry is largely the résult of the curved
northeasterly trend of the Hogback monocline and the curved northwesterly
trend of the monocline that links the French Mesa-Gallina uplift and the
Archuleta anticlinorium along the eastern side of the basin.

Kelley (1955, p. 66-67) suggested that the eastern part of the
Colorado Plateau has been shortened in a northeasterly direction. The
shortening was said to be effected in the Zuni uplift, San Juan Basin and
the Eastern Rockies as well as in other basins and uplifts farther west.
Kelley suggested further that the crustal shortening would have necessita-
ted right shift between the Plateau and the Nacimiento uplift, citing the
staggered folds at the base of the Nacimiento uplift as suggesting right
shift. The entire Plateau is said to have been under compression during
Laramide deformation (idem, p. 74). Thus, if the crustal shortening is
actual, the northwesterly trending folds in the present area might be
interpreted to have formed under a regional compressional force oriented
more or less southwest-northeast. The anticlinal noses {and interven-~
ing synclines) would have beer horizontal drag folds formed by a horizontal

component of movement along the Nacimiento fault.
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However, it is difficult to prove that the Zuni uplift, the San Juan
Basin, and the adjacent uplifts to the north and east were formed under
hoerizontal (tangential) éompressional stresses, and that the geometry of
these features necessitates crustal shortening. In a recent discussion
of the origin of the Zuni uplift Kelley and Clinton (1960, p. 48) state that
""there docs ﬁot appear to be anything about the fracture pattern that could
not have been formed by a predominantly vertical pressure'’, but "origin
by a dominant lateral stress, on the other hand, is favored by overirurned
and thrust structures that are common bordering the Plateau.'" The same
statements might be applied also to most other parts of the eastern sector
of the plateau, and to such bounding uplifts as the San Juan dome. Geologic
structures that clearly indicate (Laramide) origin by horizontal com-~
pressional stress are not common in the eastern part of the Coloraco
Plateau although they are present in some of the bounding uplifts. Further-
more, the northwesterly trendirig folds in the sedimentary rocks at the
base of the Nacimiento uplift seem to be older than the fault or the uplift
and they may or may not be related causally. The probable relationships
of the folds and the fault are discussed in a later section of this chapter.

On supe rficial examination, it might appear that the San Juan Basin
and its bounding uplifts could have been formed as the result of differ-
ential vertical movements of large crustal blocks in a regional stress
field that could have been compressional or tensional. Most of the present
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uplifts are ancient highlands or areas of thin pre-Cretacecus sedimentary
cover, whereas a thick sequence of pre-Cretaceous rocks is present in
the San Juan Basin. This might suggest an iscastatic response to regional
tensional stress.During the Cretaceous submergence of the Rocky Mountain
geosyncline, the Paleozoic (and Mesozoic) Uncompahgre geanticline (of
‘Read and Wood, 1947, fig. 2, p. 225) subsided less than the ancient
Paradox-San Juan basins whiéh lie south of the geanticline. The basins
contained sequences of sedimentary rocks that were thick compared to the
sedimentary rocks on the geanticlinal area. Differential subsidence during
Cretaceous time is indicated by the fact that the Cretaceous rocks are not
as thick at the northern edge of the San Juan Basin in Colorado as they are
in the Centfal basin in New Mexico (Silver, 1951, fig. 4, p. 110). Dane
(1960b, p. 67) indicates that the sources of some of the sediments of the
Dakota sandstone were the Precambrian rocks in the area of the present
Brazos uplift on the ancient Uncompahgre geanticline. Dane (1960a, figs.
2 and 3, p. 49, 51) shows also that there are unconformities within the
Mancos shale at places on and near the Archuleta anticlinorium and also
at the northwestern side of the San Juan Basin.

The major factor in upsetting whatever isostatic equilibrium
may have existed before the Cretaceous subsidence would have been the
influx of a tremendous amount of sediment derived from the region
southwest of the present Colorado Plateau. The region of the present
Chaco slope and Central basin received a thicker cover of Cretaceous
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sediments than did the ancient geanticline. The weight of these sedimauis,
added to the weight of ;he thick section of older rocks iu the ancieat basin,
would have created an isostatic differential between the b‘road basinal
area and the ;-elatively narrow Zuni, Nacimiento, Archuleta, and
Uncompahgre areas. Sediments eroded from the uplifts and deposited

in adjacent basins late in Cretaceous time and in early Tertiary time
would have tended to continue the isostatic adjustments.

The subsidence of the San Juan Basin seems to have required the
transfer of a tremendous amount of subcrustal material from under the
basin (regardless of what forces produced the basin), and some of this
material probably migrated into the position of the San Juan come which
seems to be an upwarp complementary to the Central basin. During
Laramide orogeny the ancient Uncompahgre geanticline expanded and
encroached on the older sedimentary basins as it was transformed into
the early Tertiary Uncompahgre-Sangre de Cristo geanticline. If vertical
movements occurred in response to regional ténsional stress, the dspres-
sion of the San Juan Basin and the attendant isostatic rist of the hordering
uplifts would have necessitated some regional crustal lengthening., Part
of the solution to the problem of whether the San Juan Basin and associated
uplifts were formed in response to regional compressional or tensional
b.rcos depends on determining whether the basin has been lengthened or
shortened. The stratigraphy and geologic structure of the yresent area

203



(Fig. 2) provide evidence concerning the nature of the Laramide deforma-

tion of the ~cu:lttu region.

Nacimiento Fault

For almost 50 miles north of the Puerco fault belt the eastern
boundary of th; San Juan Basin is the north-trending Nacimiento fault
along which the basin is depressed relative to the Nacimiento uplift
(Fig. 12’. The northwesterly trending folds of the basin terminate abruptly
against the fault which transects them, and the folds are tilted westward
along the persistent major synclinal bend west of the fault. The synclinal
bend, which seems to be related symmetrically to the fault, is super- :
imposed across the northwesterly trending folds, and the stratigraphy of
the San Jose formation provides evidence that the synclinal bend is younger
than the northwesterly trending folds.

Renick (1931, p. 71-74) did the first detailed mapping of the
Nacimiento fault which he called the '"Sierra Nacimiento overthrust."
According to Renick (p. 71) "most of the fault planes in this zone dip
toward the east, showing that the mcuntain mass has been overthrust to
the west, toward the San Juan Basin. Thie overthrust ie not a single
fault, but in several places the movement has taken place along several
planes of shear.'

Ou most of his cross sections Rgnich (pl. 1) shows the Nacimiento
fault (or faults) as relatively steep and dipping east at about the same

204



angle as the surface dips of overturned beds west of the fault. Renick
(p. 72 and pl. 2) describes the most complex structure as being at the
north end of.Sa.n Pedro Mountain (north of the San Pedro Moeouatain fault,
Fig. 12) where there were said to be a series of overisrusis from cast to
west with the fault planes dipping east.at a relatively flat angle. Howasver,
Hutson {1958, p. 37-38) found enly alternating limestone and clastic beds
of the Madera limestone in this area, and concluded that Renick was mis-~
taken in his interpretation of low~angle thrust faults. Hutson found that,
at the northern end of the uplift, the Nacimiento fault is high angle;. and
dips about 83° east. .

Renick's map (pl. 1) shows the ''Senorito sandstone lentil" of the
Chinle shale resting on the Mancos shale in a manner suggesting a low~
angle overthrust plate in the W. 1/2 sec. 13, T. 21 N., R. 1 W. However,
Wood and Northrop (1946) indicate that this overlap is not present. The
red beds shown by Wood and Northrop (1946) as Chinle shale thrown
against Mancos shale in the E. 1/2 sec. 11, T. 21 N., R. 1 W, are pro-
bably overlapping beds of the Regina membef of the San Jose that are
poorly exposed beneath the Tertiary or Quaternary terrace gravyl. Wood
and Northrop (1946) have shown that Renick’s (pl. 1, cross section F-F)
interpretation of the supposed plate of Poleo sandstone thrust across the
Chinle shale near the northwestern corner of T. 17 N., R 1E. is

incorrect.
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Where the writer has seen the fault zone near the southern end of
the Nacimiento uplift it appears to be high angle, either vertical or dipping
very steeply east. Although the fault curves slightly at many places it is
MIy straight for itl entire length of almost 50 miles. This suggests
that the fault plane dips very steeply. However, because of generally
poer exposures at moast places, therex is very little direct evidence to be

observed concerning the attitude of the fault plane.

Overturned Beds

In eﬁmining the cross sections of Renick (1931, pl. 1) and Wood
and Northrop (1946) it is apparent that the main evidence that would suggest
thrusting from the east is the overturned, east dip of rocks at some
places east and west of the fault zone. On the downthrown western si;ie of
the fault, the main area of overturned beds extends from the northeastern
part of T. 22 N., R. 1 W. to the east-central part of T. 20 N., R. 1 W.
(Renick, l93i; Wood and Northrop, 1946). The greatest overturning occurs
in the e‘at-contral part of T. 21 N., R. 1 W.; the southeastern part of |
T. 22 N., R. 1 W,; and locally in the northeastern part of T. 20 N., R.
I W, At a few places the overturned beds dip east at angles as low as
40°-50%, but at most places the dips are steeper. Where sedimentary rocks -
are Md on the upthrown eastern side of the fault the bédl are over-- -
turned aad ﬂp east at a few places, but generally the beds dip west at
angles ranging from nearly vertical to less than 45°,
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Near the northern end of the fault, the rocks west of the fault dip

; weat':at- angles ranging from 70° to nearly vertical, whereas east of the fault .

the rocks dip northeast at angles ranging from 20°-50°. Along the southern
third of the ﬁult the beds are not overturned, the wést dips are considerably

less than 45° at many placea, and locally, rocks on either side of the

""{‘:‘ fault dip tawq:gl each oﬂ»r. Near the southern end of the fault the rocks

- on both sides dip east.

In the ﬁral‘ichtk'araa. (Fig. 2) the localities of sharpest overturning at

g _the foot of San Pedro Mountain are places where stratigraphic evidence

it i Mt that tho northwesterly plunging pre-San Jose anticlinal noses inter- -

sect the major north-trending synclinal bend west of the Nacimiento fault.
The ,lhi.rp overturning in the hogbacks near Senorito in the nort!.xea.stern
part of T. 21 N., R. 1 W. is in the vicinity of the intersection of the
synclinal bend and the wett-iilted southern part of the Rito Leche anti-
¢linal nose. Steeply inciin?d beds occur adjacent to ‘the Nacimiento fault
farthor south where the west-tilted southern part of the San Pablo anticline
is crossed by the’ synclinal bend (Fig. 13), and sirmla.r relatmno are seen

farthe r south on other anticlines, a.ltbough overturning does not occur near

' the southern part of the fault. ey

Several areas of gently-west-dipping beds west of the fault appear
to be cﬂhé pre-San Jose synclines. m&uely north of uppef San Jose
Creek in the aoaﬂnuir ‘n part of T. 23 N‘,. R. 1 W., the rockl east
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and west of the fault are not overturned, but dip west at angles ranging
from nearly vertical at the Dakota outcrop to about 45° at the Mesaverde
outcrop, and about 64° at the Ojo Alamo outcrcp. The dips of the Nacimi-
ento formation and Cuba Mesa member of the San Jose formation are
steeper than dips of the beds to the east, and tae Cuba Mesa member may
be nearly vertical although the exposures are too poor to be certain. Here
the Nacimiento formation is thicker than it is in areas to the north and south.
To the south, as the dip of the Nacimiento formation becomes steeper (and
the Mesaverde is overturned), the Cuba Mesa raember of the San Jose
formation rests on stratigraphically lower beds of the Nacimiento. Most of
this thinning of the Nacimiento can be demonstrated to be stratigraphic.
The overturned beds present along parts of the Nacimiento fault
could have reached their present structural attitudes as the result of
west tilting on a monocline or on a drag fold (synclinal bend) along a high-
angle fault. The geometry of this concept is illustrated in Figure 13,
Cross section A illustrates the northwestern parts of a pre-San Jose
anticline and flanking syncline as they would appear in the subsurface near
the eastern edge of the Central basin. Cross section B illustrates the
structural conditions farther south along upper San Jose Creek where the
axial plane of the synclinal bend is west of the axis of the pre-San Jose
syncline. Cross section C represents the structural conditions farther
to the south in sec. 11, T. 21 N., R. 1 W, where the axial plane of the
synclinal bend lies west of the axis of the pre-San Jose anticline as shown
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5y the south\w;e stward thickening of the Nacimiento formation. Cross
sect.on D represents the structural conditions still farther south where
the axial plane of the synclinal bend lies west of the tilted southern part
of the San Pablo anticline.

The amount of folding during the main stage of formation of the
major synclinal bend {(during deposition of the Regina member of the San
Jose) is shown by the attitude of the base of the San Jose formation (minus
the west dip of the overlapping beds of the Regina member, cross section
C). The southwestern limbs of the pre-San Jose anticlines are inclined
meore stesply than the base of the San Jose because the southwestern limbs
of the anticlines were already inclined to the west (as much as 30° at
cross section C) before the folding of the San Jose began. Thus, where the
axial plane of the synclinal bend lies west of the pre-S5an Jose anticlines,
the western limmbs of the anticlines reached overturned positions before
the base of the San Jose had been folded into a vertical attitude on the east-
ern limb of the synclinal bend. Conversely, where the axial plane of the
major synclinal bend lies west of the axis of a pre-San Jose syncline, the
base of the San Jose is inclined more steeply west than is the western
limb of the syncline. The geometry of these concepts is shown diagram-
matically on Figure 14.

From theee considerations the writer concludes that the local
areas of o ‘rtysrn~d pre-San Jose rocks west of the Nacimiento fault do
not, in the ns- ves, lecessarily indicate westward thrusting on the fault.
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Figure I4.-- Diagrommatic cross sections showing possible stages of
development of steeply dipping and overturned beds adjacent
- to a high-angle fauit.
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Rather, at many places, the overtirned rocks are ihe ed anc steepened
southwestern limbs of the northwesterly plunging pre 5an J anticlines
where the southeastern parts of these folds lie east of the axial plane of

the major synclinal bend.

Synclinal Bend

The geometry of the synclinal bend, as reflected by the base of
the San Jose formation, might be taken to indicate east -west crustal
shortening accomplished along an east-dipping overthrust fault. As
shown in Figure 15a, a point on an undeformed bed will be displaced
through a horizontal distance (x-x’) as well as a vertical distance (x” -y)
when the bed is folded concentrically. This kind of shortening would be
accomplished also by parallel folding and thrusting (Fig. 15b).

On the other hand, as a resul: of vertical movement only, plastic
deformation might be accomplished in such a manner that the limb of a
fold is stretched and thinned, and a point on the deformed bed is moved
through only the vertical component x-y (Fig. 15¢c). Apparent thinning
resulting from vertical movement could be caused also by cleavage folding
(shear cleavage) as shown diagraramatically in Figure 1 5d. Thus, the
formation of a synclinal bend or a monocline might be attended either by
horizontal shortening (Fig. 15a and b), or by vertical stretching and
lengthening of the limb of the fold (Fig. 15¢ and d), or by both

Figure 15e illustrates the structural features observed in deformed
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a. Concentric folding. Beds slip past
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b. Parallel folding and overthrusting.
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d. Similar folding with thinning of limb
accomplished by cleavage folding
(vertical shear cleavage).

longitudinal normal taults

bosement

e Folded and foulted beds draoped across a shear fold in relatively rigid

baosement

Movement of basement is predominantly verticol.

Figure 15--Diagrammatic cross sections of several types of folds.
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models in which a plastic materia ts on a relatively competent "basement'
material which has folded slightly a. then has ruptured in response to
vertical uplift of the basement on one side of the model. Lengthening of
the monoclinal limb is accomplished in the deeper part of the fold by move-
ments 'along sﬁeeply inclined shears, whereas in the upper part of the

fold, lengthening is accomplished by a combination of plastic stretching,
concentric shearing, antithetic faulting, and grabening along longitudinal
normal faults. Steeply inclined beds develop in the upper part of the fold
because of crowding near the axial plane of the synclinal bend. This
crowding is the result of a crimping effect broughtafbonsbaiéx:g;t_he
relative depression of the left side of the model is accomplished by steps
along several planes of shear in the deeper part of the fold.

Thi-‘concept of cleavage folding was used in constructing the
diagrams in Figure 14 but was not used in constructing the cross sections
in Figure 13 because the writer has no direct evidence of possible high-
angle faults in rocks older than the Lewis shale, except the faults that are
subsidiary to the Nacimiento fault. However, the high-angle fault along
which the steeply dipping beds of the Lewis shale are thrown against the
leu-steeply;inclined Fruitland and Kirtland formations in sec. 23, T. 2]
N., R. 1 W. is similar to the high-angle faults illustrated in stage 3 of
Figure 14a and b. Another fault of this type throws the Lewis shale against
the Nacimiento formation in the NW 1/4 sec, 23, T. 22 N., R. 1 W,
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Dane (1936, p. 95, 100-101, 109, 132) suggests that local thinning of units
of the Mesaverde group in T. 19 N., R. 1 W. near Senorito is the result
of strike faulting, He points out that the Mancos shale is not thinned but
suggests that the position of the Mesaverde may have been favorable for
steep thrusts, although these faults were not observed. The antithetic
faults downthfown to the east in sec. 23, T. 22 N., R. 1 W. could have
been formed in response to local tensional forces set up by slight stretch- -
ing of the east limb of the synclinal bend.

Stretching of the steep limb of the synclinal bend as the result of
plastic deformation or shear cleavage (or both) would be favored by the
presence of thick units of shale such as the Chinle, Mancos, and Lewis,
and the shale of the Nacimiento formation. The thinning of any particular
unit of shale need not have been excessive inasmuch as the tensile strength
of shale is low, and the stretching could have been distributed through

small normal faults and innumerable small shears in all of the units.

i . N
R . e -

Furthermore, the stratigraphically higher units might not have been
stretched and thinned appreciably because erosion undoubtledly attended
the folding. The erosion of the upper part of the fold would obviate the

geometric necessity of stretching (or faulting and rotation) shown by the

-

dashedd arrows in the reconstructed parts of the folds in stage 3, Figure
14 a and b, and the grabening shown in Figure 15e. Also, during the forma-

"

tion of the synclinal bend, the eastern part of the basin probably was

shortened slightly in a northeasterly direction because the basin was

o b
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crowded toward the uplift, and this crowding effect probably reduced the
tensional stresses in the synclinal bend. Evidence of crowding ie afforded
by the fact that some of the northweste rly trending pre-San Jose folds were
rejuvenated slightly during and after the deposition of the San Jose
formation.

The ayﬁclinai bend extends north of the Nacimiento fault where the
axial i:lane of the bend marks the foot of the large monocline. The syn-
clinal bend probably ma rked the foot of a southern extension of the
monocline along the western side of the Nacimiento uplift in early Eocene
time. This conclusion is indicated by the fact that the gently tilted Regina
beds overlap sharply folded Paleocene and Cretaceous rocks in the southern
part of the San Pedro Foothills (Fig. 13, cross section C). These over-
lapping beds consist largely of reworked Mesozoic sediments and do not
contain large quantities of grantitic debris that would indicate that the
core of the Nacimiento uplift was exposed to erosion in Regina time. Much
of the present vertical separation on the Nacimiento fault seems to have
developed after the synclinal bend (and the monocline to the north) was
largely formed; i. e., after the deposition of the San Jose formation. Some
further tilting of the synclinal bend accompanied the development of the
Nacimiento fault. '

From these hypothetical and factual considerations the writer con~
cludes that the symmetry of the major synclinal bend does not indicate a.

geometric necessity for the Nacimiento fault to be an overthrust dipping

216



east. Most of the -tmctu‘ral features along the fault could have been prc-
duced by ne;riy vertical displacements along several shear planes, one of
which became the main Nacimiento fault. The relative straightness of the
Nacimiento fault and the dip of the fa.ﬁlt plane observed at a few places indi-
uﬁ that the Nacimiento fault i¢ likely to be a steeply dipping reverse fault
as Hutson (1958) suggeated. The southern part of the fault may be nearly

vertical.

Evidence of Strike -slip Movement

The staggered arrangement of the northwesterly trending pre-San
Jose anticlines suggests that they were formed by crumpling resulting from
right shift along the Nacimiento fault in an early stage of its development
before there was much structural relief between the San Juan Basin and the
Nacimiento uplift, and before the fault had ruptured the sedimentary rc.vcks'
lying on the more rigid Precambrian basement. On the uplift there are
northwesterly trending features which might have developed as f;arts or
counterparts of the folds in the basin. Some of the westward-dipping patches
of sedimentary rocks on the western limb of the uplift (east of the Nacimiento .
fault) could be parts of synclinal troughs tilted during the formation of a
monocline, and then faulted from the tilted synclines that now lie in the
basin west of the fault. At any rate there is no obvious correspondence of
adjatent structures of the basin and uplift. This: segrﬁs to indicate disloca-
tion because of lateral shift during the major moveme;lt on the Nacimiento

fault.
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Immediately north of the Nacimiento uplift there is » similar lack
of correspondence of immediately adjacent structure ea¢ and west of the
Gallina fault. Howevef, the buried anticlinal nose west of the curving
segment of monocline in the northern part of T. 23 N., R. 1 W. and the
southern part of T. 24 N., R. 1 W. might correspond to the highest part
of the granitic éore of San Pedro Mountain which has a northwesterly trend.
Also, the sharp synclinal fold north of the Rito Leche anticlinal nose in the
northeastern part of T. 21 N., R. 1 W. might correspond to the Bluebird
Mesa sag on the Nacimiento uplift (Fig. 12). If these correspondences
are more than coincidental a right shift of perhaps 3 miles is indicated
along the northem part of the Nacimiento fault. Thus, the Nacimiento
fault is probably a wrench.

In order to check the general validity of the mechanics discussed
above, a simple- model was constructed (Fig. 16). The model consisted
of two flat pieces of cardboard laid together flush and partly covered with
a viscous batter of flour and water. Dry flour was sifted on the batter to
form a crust. The piece of cardboard representing the San Juan Basin
was moved slightly so as to produce right shift, and a series of echelon
folds began to develop in the batter across the joint between the pieces of
cardboard. As the right shifting was continued, and the '"basin'' was
depressed relative to the "'uplift', a monocline formed in the batter above
the joint between the pieces of cardboard. During this stage of deformation
the parts of the echelon anticlines in the '""basin' adjacent to the area of
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greatest relief on the monocline were overturned (Fig. 16, cross section
A-A’ ). The anticlines adjacent to the area of least relief on the monocline
were tilted west (Fig. 16, cross section B-B”). During continued right
shift and deﬁresaion of the '"basin'' the batter began to rupture and dis-~
continuous higb-ang_le faults formed along the monocline above the joint
between the pieces of cardboard. As the faults began to form, the echelon
folds ceased development. By a very slight under-thrusting of the "'basin",
the "uplift" was caused to bulge upward near the fault (Fig. 16, A-A” ).

Although there was no attempt to construct the model to scale with
respect to strength of materials, etc., the experiment with the model indi-
cates that the sequence of events postulated for the Nacimiento fault is
mechanically possible with right shift along a high-angle reverse fault. The
echelon folds in the '"basin'' part of the model are shallow-seated which
suggests that the actual folds in the San Juan Basin may be shallow-seated
also. Near the '"uplift' the amplitudes of the folds are much greater, which
accords with the postulation that the local patches of sedimentary rocks at
the western edge of the Nacimiento uplift are tilted synclinal troughs faulted
from the tilted synclines of the San Juan Basin.

The vertical displacement on the Nacimiento fault becomes greater
from south to north. The greatest amount of vertical displacement on the
Nacimiento fault is near its northern end where, south of the San Pedro
Mountain fault (Fig. 12), the vertical separation may be as much as
6, 500 feet. The axis of the San Juan Basin lies just a few miles north of the
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Figure 16.--Sketch and cross sections of o plastic model showing deformation
resulting from right shift ond tilting of o rigid plote beneath the model.
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northern end of the Nacimiento uplift, and the top of the Precambrian on the
uplift is 11, 000-16, 000 feet higher than the top of the Precambrian in the
adjacent part-of the San Juan Basin. Figure 17a shows generalized struc-
tural profiies of the top of the Precambrian rocks on the Nacimiento and
French Mesa-Gallina uplifts, and in the San Juan Basin west of the

uplifts. It is iapParent that, if both profiles were straightened or {lattened,
the proﬁl; of the basin would be longer than the profile of the uplifts. Because
the vertical scale of Figure 17a is greatly exaggerated the difference in
length of the straightened profiles would be exaggerated; nevertheless, even
without the vertical exaggeration, there is an appreciable difference in
length.

At this point it is necessary to consider some large-scale geometric
aspects of basin formation to determine whether the basement rocks of the
San Juan Basin have been shortened or lengthened relative to the Nac'-
miento and French Mesa-Gallina uplifts. Although the curvature of the
earth should be considered in constructing and interpreting geologic cross
sections, it is not usually considered by most writers. In fact, the slight
amount of curvature was not plotted in constructing the prefile of Figure
17a. Recently the regional geometrical aspects of basin formation were
discussed by Dallmus (1958) who pointed out that curvature should be
taken into account because the earth has finite dimensions and mass, and
there are limits to volume changes that are the result of the compression
of rocks. In mathematical treatments these finite dimens.: ns should be
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moximum structural relief east and west of the Gallina and Nacimiento faoults,

“uptift”
=" -
"foult" s
-
3 g —
» , "
Basin
b. Diagrams showing relative shift ¢ Diagroms showing relative
between basin and uplift as the shift between basin and uplift
result of a vertical force only. as the result of a tangential

compressional force.

Figure 17.--Structural profiles ond diagrams showing possible directions of shift of the San Juan Basin
relotive to the French Meso-Gallino and Nocimiento uplifts.



considered instead of the infinite planes, areas, and vclumes that are
implied by considering the surface of the eari:
in constructing conventional cross sections.

In the cross sections shown on Figure 18, a: CB represents the
general curvature of the earth; line ADB represents a chord of the arc
ACB; a;d line CO represents a segment of the raditis of arc ACB whose
center is the center of the earth. Points A and B represent the edges of
a segment of the earth's crust that has subsided.

‘ In Figure 18a line AEB represents the general configuration of the
upper surface of a structural basin that has subsided vertically through
a distance CE. It is apparent that line AEB is shorter than line ACB; thus,
if points A and B have not changed pos;tion relative to each other and to
the center of the earth, the horizontal dimension of the basin has been
decreased. Since there has been no change in the volume of the sub- =
siding segment of the crust, the segment has been compressed. The gen-
erated stresses are related directly to the length of the chord ADB and to
the amount of subsidence CE.

Actually part of the compressional stress would be relieved by a
slight lessening of volume as the result of bulk compaction of the rocks,
and perhaps by a slight flowage from the edges of the basin. Howev;er,
the volume change would be small, and most of the stress would be re-
lieved by folding or thrust faulting which would, in effect, locally change
the vertical shape or the vertical dimeﬁeion [thickness) of the crustal
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preceding deformation had not been permanent.

Figure 18.-- Diagrams showing compressional ond tensional phases of
subsidence of a segment of the earth's crust.
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gegment. The folding and faulting might occur at the margins of the basin,
or within fhe basin, or both. Probably the crust outside the bagin at points
A and B would be buckied or faulted also but, to keep the illustration simple,
it is assumed that points A and B do not change position with réspect to
each Aothe: or to the center of the earth.

The maximum amount of shortening would occur when the basin
has subsided through the distance CD and the basin is the same léngth as
the chord ADB (Fig. 18b). If all, or nearly all, the compressional stress
is relieved by folding and faulting, further subsidence would relieve any
residual compressional stress and bring the limbs of the basin into ten-
sion. l:lowever, if the deformation had been entirely elastic, which is
unlikely, the limbs of the basin would not be stretched to generate a
tensional stress in the crustal segment until the basin had subsided through
a distance greai:er than CF (Fig. 18c). In Figure 18c the upper surface
of the basin (AFB) is the same length as arc ACB, and CD equals DF. Thus,
a bp,ain which subsides because of a predominantly vertical force (caused
by loading at the top of the crust, or withdrawal of subcrustal material)
will first be shortened and undergo compres'sioh as a result of the shorten~
ing; then, if the basin continues to subside, the compressional stress will
te released, and eventually the basin will be lengthened and undergo
tension. However, if the basin subsides due to a vertical force in a
regional ‘ensionAl stress field it will not be compressed, but will be

length .d s it su! sides through distance CD. This, of course, would



‘r;qu:l're that points A and B are displaced away from each other by the
nfr?tching force so that line ADB is the same length as line ACB,
-rurtho:r lusaidence wbuld lengthen the basin or cause the formation of a
grabcn or half graben,

Dallmu- (1958, Table 1, p. 888) has calculated the lengths of the
éhord: (correlpond:lng to line ADB) and the median heights of arcs
. (correipdn_ding to line CD) above the chords for great circle arcs ranging
from 1° to 5°. For an arc of 1° the distance CD is about 777 feet. The
lcngtk._ot; the profile of the Central basin of the San Juan Basin shown in
Figure 17a is less than 1° of the earth's circumferedce; however, the
amount of subsidence of the basin relative to the ends of the profile is more
than 6 times the greatest amount of subsidence (CF=approximately 1500
feet) ;hat would be necessary to bring the limbs of the basin into tension
{Fig. 18c) and stretch them if the subsidence were caﬁoed by a predomi-
nantly vertical force (Fig. 17b).

Of course, the profile shown in Figure 17a portrays only the eastern
part of the Central basin. Even so, the amount of Laramide subsidence
of the San Juan Basin as a whole seems to have been great enough to
lénithi;x the entire basin if it had subsided in response to a predominantly
vorﬁctl force. This would be so even if (in the extreme case represented
by Hmn 18c) there had been no permanent deformation of the basin or
its marlinl during a compressional phase (Fig. 18: and b) of subaidence.

For éexample, consider a northeast-southwest profilr across '"e maximum
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dimension of the bysin fromn the vicinity of Gallup, New Mexico to Pagosa
Spﬁngs. Colorado--an arc of a little more than 2°. South of Gallup the
top of the Cretaceous Dakota sandstone is at an average altitude between
5,000 and 6, 000 feet. On the A’rchuleta anticlinorium southwest of Pagosa
Springs the Dakota is at an average altitude between 6,000 and 7, 000 feet.
In the deepest part of the Central basin the top of the Dakota is more than
2,000 feet below sea level. The structural relief of the basin is 7, 000-
9, 000 feet depending on where one camsiders the oppusite edges of the basin
to be. According to‘Dallmu. (1958, Table 1, p. 888) the median height
(CD) of a 2% arc is about 3,185 feet. The 7, 000-9, 000 feet of relief is
more than the greatest amount of subsidence (DF=6, 370 feet) necessary
to bring the southwestern and northeastern limbs of the basin into tension.

A northwest-southeast profile of the Dakota sandstone between the
French Mesa anticline and the Hogback monocline near the New Mexico-
Colorado line extends about 1-1/2°. The average siructural relief of the
profile is more than 6, 000 feet, an amount of subsidenc: that is more than
sufficient to bring the northwestern and southeastern limbs into tension.
Thus, during the late stages of Laramide orogeny, the entire basin would
have been lengthened if the subsidence was cﬁused by a predomimtl.y
vertical force within the basin.

It can be seen from these considerations that the geometry of the
basinal fold shown on Figure 17a necesgitates that the sout ‘western Limb of

the Central basin is stretched (lengthened), or that it has muved toward
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the axis of the basin along a horizontal co mponent. he right shift along
the Nacimf_énto fault indicates that the southweste » li;1b} s no' Heen
stretched ipprecialiy, but has moved toward tie .xis of e b2 'in; thus

the Centru. &sin has been shortened relative to the Nacimiento and Freach
Mesa-Gallina uplifts. However, this horizontal component of movement
would be necessary whether the basinal trough subsided due to a vertical
force, and “pulled" the southwestern limb toward it, or whether the south-
western limb was ""shoved" toward the axis by horizontal compressional
forces causing the basin to be downbuckled.

From the foregoing discussion it can be seen that right shift along
the Nacimiento fault could have been caused by differential yielding of the
basin and the Ntcimientot'uplift either to a vertical force as illustrated
in Figure 17b, or to local vertical forces (downbuckling of the basin) pro-
duced by nearly horizontal regional compression as illustrated in Figure

17c. The direction of shift on the Gallina fault provides a clue about the

forces.

Gallina Fault
‘Near the northern end of the ‘Nn.dmiento uplift the Nacimiento
fault passes into the northonstftronding Gallina fault (Fig. 12). The
Gallina fault is downthrown to the west as is the Nacimiento fault, but
the vestical separation on the Gallina feult is 1688 than 1,000 fect in

em:int to a vertical separation of more than 6,000 feet on the
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Nacimiento fault near the northern ¢ ad of the uuift (crcess s=  .ns  .nd
B, Fig. 1|3)._ The work of Hutson (1958), and Lookingbill ;1953) snows
that the Gallina fault cuts obliquely across part of the monocline north of
the Nacimiento uplift, persists north-northeastward on the French Mesa-
Gallina uplift for almost 25 miles from the Nacimiento fault, and dies out
north of the Gallina anticline (Fig. 12).

The apparent throw on the Gallina fault is down to the west between
the Nacimiento uplift and the northern end of the French Mesa anticline.
Farther north the apparent throw is down to the east on the Gallina and Rio
Gallina anticlines but the throw is down to the west near the termination
of the fault. Along the Gallina anticline the fault is high-angle reverse,
and the fault plane dips west (Lookingbill, 1953). These differences in
apparent throw seem to be a result of strike-slip movement that caused
juxtaposition of folds which were not formed together originally and
allowed some folds to develop independently on either side of the fault.
The folds west of the fault indicate that fhe San Juan basin has Seen short-
ened relative to the part of the French Mesa-Gallina uplift that is east of
the fault. This indicates right shift on the fault, and part of the northeast-
ward shift on the western side of the fault seems to have been ''taken up"
geometrically by the northwest-plunging Puerto Chiquito anticlinal nose
(Fig. 17a) which is strongly asymmetrical, having a steep northeast limb
and a bordering faulted syncline at the northeast. The Gallina fault dies

out north of this fold. The axes of the Rio Gallina and Gallina Mountain
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anticlines parallel the Gallina fault, and they may be secoada , verii 4l

drag structures relafed to the fault but partly younger t- ‘n the P erco

Chiquito nose and the monocline to the west, The amount of right ‘aift

on the Gallina fault is less than that on the Nacimiento fault mainly because

the Gallina faﬁlt is near the trough of the San Juan Basin where the great-

est amount of vertical movement occurred. Also, the alinement of the

Gallina fault is much nearer to the northeast-southwest direction of shortening
éf fhe San Juan Basin than is the alinement of the Nacimiento fault--a factor
which tends to decrease the amount of shift necessary to accomplish shortening
of the basin along the Gallina fault.

If the trough of the San Juan Basin had subsided (relative to the
French Mesa-Gallina uplift) in response to a regional vertical force within
the basin (Fig. 17b) the northeastern limb of the basin would have been
stretched or ''pulled" southwestward toward the trough during the late
stages of basin formation, and the lateral shift on the Gallina fault would
'have been left instead of right. However, the right shift on the Gallina
fault indicates that the basin was downbuckled as it shifted to the northeast
and encroached on the Archuleta anticlinorium (Fig. 17c}). The shift that
accompanied the major movements on the Nacimiento and Gallina faults in
post-San Jose time seems to have been the last major stage of deformation,
and most of the shift occurred after the stage of deformation (Fig. 18b)
during which compressional forces could be attributed to the shortening

and crowding within the basin and along its margin if it had subsided in
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response to a dominantly vertical regional force. Therefore, the right
shift on the Gallina fault seems to be good evidence that the force which
produced the northwesterly trending axis of the San Juan Basin was a

regional tangential compressional force,

San Pedro Mountain Fault

Along thé north side of San Pedro Mountain, the northern part of
the Nacimiento uplift is tilted steeply to the north and dropped along a
northwesterly trending normal fault (Fig. 12) which was called the San
Pedro Mountain fault by Hutson (1958, p. 33). According to Hutson the
fault plane dips 63° northeast in the SW 1/4 sec. 1, T. 22 N., R. 1 W.

At the northwest this fault intersects the Nacimiento fault near the upper
part of San Jose Creek in sec. 1, T. 22 N., R. 1 W., and the fault extends
with a curved trace for about 10 miles to the southeast whe re it dies out.
The dropping and northward tilting of the block north of the San Pedro
Mountain fault causes the vertical separation on the southern part of the
Gallina fault to be much less than the vertical separation on the Nacimiento
fault (cross sections A and B, Fig. 13).

Wood ar - Northrop (1946) indicated lebft shift along the (then
unnamed) San Pedro Mountain fault on their geologic map and indicated
that the fault terminates at the Nacimiento fault. Hutson (1958, p. 37 and
f ig.. 5) indicated that the block south of the San Pedro Mountain fault has

shifted west (right shift), and he indicated that the fault extends west of
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the Nacimiento fault into the belt of steeply dipping beds along the major
synclinal bend west of _the Nacimiento fault.

Hutson's (1958, fig. 5) map shows the San Pedro Mountain fault
extending wes.t along San Jose Creek into sec. 34, T. 23 N., R. 1 W. and
indicates that tl;e Mesaverde group and younger rocks south of San Jose
Creek are offset to the west relative to the same rocks north of San Jose
-Cr§ek. However, Hutson seems to have mistaken the Cuba Mesa member
o,fthe San Jose formation for the Ojo Alameo sandstone in sec. 3, T. 22 N.,
R. 1 W, south of San Jose Creek, and he mistakenly mapped the Nacimiento
formation, Ojo Alamo sandstone, and undivided Fruitland formation and
Kirtland shale as the Lewis shale in this vicinity. There are no exposures
in the broad gravel- and alluvium-filled valley of San Jose Creek to sub-
stantiate the offsets of the Mesaverde group and younger rocks depicted by
Hutson. The outcrops of the Dakota sandstone and lower part of the
Mancos shale in sec. 35, T. 23 N., R. 1 W, are offset to the east relative
to outcrops in sec. 2, T. 22 N., R. 1 W., as shown by Wood and Northrop
(1946). However, this offset seems to be mainly the result of right shift
on an easterly trending fault in the southern part of s;c. 35; T, 23 N.,

R. 1 W. This fault seems to terminate at the Nacimiento fault, and if it
is part of the San Pedro Mountain fault it has been displaced by right

shift along the Nacimiento fault. The present writer concludes there is no
particular eviden;:e that indicates the San Pedro Mountain fault does not

terminate at the Nacimiento fault, and there is no evidence that indicates
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a major strike-slip component of movement along the  .ilt.

The San Pedro Mountain fault at the northern end of the Nacimen: ,
uplift is near the area of maximum structural relief between the uplift and
the San Juan Basin and might be a tensional fault formed in response mainly
to dominantl-y vertical local forces. However, the 63° northeast dip of the
fault pidn; .i;xd'ica.tesv that, as tke block nor‘th of the fault moved down, the
bioék also had a horizontal component of movement which accomplished
some lengthening of the northern end of the uplift. This lengthening occur-
ed in a north-northeasterly direction almost parallel to the general trend
of the Gallina fault (Fig. 12). If the San Juan Basin shifted northward
along the Nacimiento fault and north-northeastward along the Gallina fault,
as seems to be indicated, local horizontal tensional stresses, as well as
vertical stresses, would have been set up in the vicinity of the junction
of the faults, i.e., near the northern end of San Pedro Mountain. The
geometry of this concept was not taken into account in the illustration
of the general case (Fig. 17c), where the Nacimiento and Gallina faults
are considered as segments of a straight line, but is shown on Figure
19. In the simplest case, if the basin were moved northward zlong the
Nacimiento fault a gap would appear along the Gallina fault (Fig. 19b) as
the basin is pulled away frora the uplift and southern part of the French

Mesa-Gallina uplift. A segment of the monocline near the axis of the San

Juan Basin and west of the Gallina fault would then be unsupported along
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its eastern side, and the northern part of the Nacimiento uplift would be
partly unsupported because of a gaping fissure at its northern end. Of
course, there is no fis.sure along the southern part of the Gallina fault
and there is r;o evidence that one ever existed. However, the slumping
and north-northeastirard lengthening of the narthern part of the Nacimiento
uplift tléat are implied by the geometry of the San Pedro Mountain fault
would be consistent with the idea that local horizontal as well as vertical
tensional stresses produced the San Pedro Mountain fault, Furthermore,
the left shift on the transverse faults that cut the Mesaverde group in the
SW 1/4T. 24 N., R. 1 E. (Figs. 2 and 12) seems to indicate that the
segment of monociine just west of Canon de Chavez slumped slightly and
was tilted toward the southern part of the Gallina fault.

From these factors, it is likely that the San Pedro Mountain fault
is a rotational normal fault hinged at the southeast end. The fault pro-
bably was produced by local vertical and horizontal tensional forces
during downbuckling and north-northeastward shift of the San Juan Basin
along the Nacimiento and Gallina faults. The dropping and slight north-
eastward movement of the block north of the San Pedro Mountain fault
slightly decreased the amount of right shift on the Gallina fault.

| The angular unconformity between Pennsylvanian and Permian
rocks on the block north of the San Pedro Mountain fault (Hutson, 1958,
p. 11-12) might indicate that the fault is a rejuvenated ancient structural
feature, or that it is superimposed on an ancient structure. The
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relations of the San Pedro Mountain, Nacimiento, and Gallina faults are

shown in three dimensions in Figure 20.

Archuleta Anticlinorium

The northwesterly trending Archuleta anticlinorium lies along the
northeastern edge of the San Juan Basin north of the French Mesa-Gallina
uplift. ’Th@ anticlinorium is an interbasinal structural divide that separates
the San Juan Basin from the Chama basin and the San Juan sag (Kelley, 1955,
fig. 5, p. 23) which is a northwestern extension of the Chama basin in
Colorado (Fig. 9). The anticlinorium is essentially a wrinkled and faulted
arch, and this was emphasized by Kelley and Clinton (1960, p. 49-50)
‘whé referrcd to the structure as the Archuleta arch. However, the ﬁresent
writer prefers the term Archuleta anticlinorium as originally used by
Wood, Kelley, and MacAlpin (1948), and Kelley (1955) because it empha-
sizes the complex nature of the arch. |

The axes of most of the folds of the anticlinorium trend north-
westerly as do many of the faults. A few fold axes and a few faulis trend
northerly or northeasterly. The crest of the anticlinorium is marked by
local structural highs and sags most of which are slightly oblique to the
general trend of the anticlinorium. The structurally highest part of the
anticlinorium is on the Horse Lake and Willow Creek anticlines near the
southeastern end of the anticlinorium. (See structure contours: Dane,
1948; Wood, Kelley, and MacAlpin, 1948). The portion of the anticlin-

orium in New Mexico plunges southeast into the Chama basin (Fig. 21).
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Figure 21.--Structure contour map of the southeastern part of the Archuleto
anticlinorium and adjacent parts of the Son Juan and Chamao basins.
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The peculiar system of faulted folds in the Cretaceous rocks on
the Archﬁleta anticlinorium north of El1 Vado (Fig. 21) has been interpreted
differently by Muehlberger (1960) and by Dane (1948). Muehlberger (1960,
p- 109) interprets the Horse Lake and Willow Creek anticlines, and other
structures on the anticlinorium, as having been formed by shallow seated
"decollement folding.' The Dakota sandstone and overlying rocks are
said to have glided westward over older sedimentary rocks and to have
been folded because of the driving force provided by the weight of the Creta-
ceous sedimentary rocks tilted up on the western flank of the Brazos uplift.
There are several objections to this theory. Wells drilled to the basement
of Precambrian rocks on the Horse Lake and Willovf Creek anticlines
and on South El Vado dome show thaf the basement is uplifted, and that
rocks beneath the Dakota are folded or faulted up in apparent concordance
with the structure of the Dakota. Thus, there appears to be no evidence
of decollement. Certainly there is no evidence of shearing at the contact
of the Dakota and the underlying Morrison formation where it is exposed
in the canyon of the Rio Chama east of North El Vado dome. Furthermore,
it is unlikely that a thick sequence of Cretaceous shale and sandstone ever
stood on the western flank of the Brazos uplift to provide the driving force
for a decollment sheet, because erosion must have attended the uplift of
these rocks as shown by the fact that the Blanco Basin and El Rito forma-
tions bevel the Cretaceous and older rocks on the eastern edge of the Chama

basin and the Brazos uplift (Smrith and Muehlberger, 1960).
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According to Dane (1948) the folds were caused by horizontal com-
pression, possibly with some vertically applied uplifting force. Dane
explains the northwesterly trend of the Horse Lake anticline and the north~

erly trend of the Willow Creek anticline as having resulted from the

‘wedging together of two blocks, one of which had a northwesterly trend

and the other a northerly trend. The wedging together is said to have
produced the (Tecolote Mesa) syncline between the two blocks. Dane pios-
tulated that the compressional stress was oriented northeast-southwest

in the northern part of the anticlinorium, and east-west in the southern
part of the anticlinorium.

The configurations of the Horse Lake and Willow Creek anticlines
and the pattern of the fold axes and faults (Fig. 21) shed some light on the
origin of these structures. The asymmetrical Horse Lake and Willow
Creek anticlines are essentially faulted blocks tilted in opposite directions
(Fig. 22). Between them lie two wedge-shaped slices that also are tilted
in opposite directions. The southeastern wedge has been dropped slightly
and folded to form Lagunas and Puente domes and adjacent faulted syn-
clines (Fig. 21)." The northwestern wedge is dropped to form the Tecolote
Mesa syncline. The over-all configuration of the Horse Lake and Willow
Creek anticlines and the intervening wedges is that of a faulted, north-
westerly-elongated dome that has been tilted slightly toward the San Juan
Basin. The southeastern and northwestern wedges are the dropped

axial parts of the dome.
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The axes of the northwestern part of the Horse Lake ..tir.ine and
the southern part of the Willow Creek anticline trend generally N. 0%
80°W. » whereas the axes of the northwestern part of the Willow Creek anti-
c}ine and the southern part of the Horse Lake anticline trend N. 10°-30°w,
The .faults on the opposed steel limbs of the anticlines are generally
parallel to the adjacent segments of the axes of each fold. The angle
bet ween these two main '"'sets" of folds and faults is between 50° and 600,
and this is suggestive of the angle between genetically related sets of shear
fractures. In a general way, the large normal faults of the Willow Creek
fault zone and the faults parallel to L.agunas and Puente do»rnes trend in a
northwesterly direction which bisects the angle between the trends of the
major fold axes and their related faults. If the northwesterly trending faults
are related genetic;lly to the folds and faults trending N. 700-80°w. , and
N. 10°-30°w. , the northwesterly trending faults ;night have originated as
longitudinal faults éarallel to the axis of an elongate dome.

The over-all pattern of fold axes and faults is similar to the pattern
of faults which might be expected to develop on an elongate dome or doubly-
plunging anticline because of longitudinal and transverse stretching of the
upper part of the fold as it is uplifted (De Sitter, 1956, p. 201-211).
Longitudinal faults develop parallel to the axis because of stretching at
right angles to the axis. Shear faults develop at acute angles to the axis
because the fold is stretched parallel to the axis as well as at right angles,

and the shears allow relief «f the tension=! forces in a component between
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the two main directions of tensional stress. In the terminology of De Sitter
(1956, p. 208-211, fig. 147) the shear faults would be peri-anticlinal faults.
The stretching of the shallow upper part of a fold causes lengthening which
is accomplished often by grabening in the crestal part of the fold.

If the major northwesterly trending faults and the major faults
that-parallel the axes of the Horse Lake and Willow Creek anticlines

1

ariginatad because of tension in the uppe: part of a dome . it is apparent

' that the vertical displaceme it on the faults would become less in the

deeper part of the fold because the deeper part was not stretched as much
as the upper part. Thus, the uparched basement rocks might have been
displaced only slightly on each fault. Also, the vertical displacement on
the faults becomes less in a horizontal direction away from the structurally
high part of thg dome, and the unfaulted Cretaceous rocks on the steep limbs
of the northwestern parts of the Horse Lake and Willow Creek anticlines
may overlie buried faults which are extensions of the faults that displace
the Cretacsous rocks near the central part of the dome. Thus, the pat-
tern made by the major faults and the curved axes of the Horse Lake and
Willow Creek anticlines nmay have developed because of fracturing of the
competent basement rocks during doming of the southeastern part of the
Archuleta anticlinorium.

The evidence for this concept is circumstantial because it cannot
be 'provéd fhat the supposed shear and longitudinal faults were formed at

the same time. Also, it cannot be shown definitely at present that the first
' 242



£

stage of Laramide orogeny produced a broad low dome on the sout’ -asivrn

. part of the anticlinorium, although stratigraphic relations of latest Creta-

ceous and Tertiary rocks in San Juan Basin west of the anticlinorium seem
to indicate this, as do unconformities within the Mancos shale on the
anticlinorium. The "Cretaceoul rocks might have been deformed along very
;nciex:t basement fractures of the Paleozoic uplift on which the anticlinorium
is lii:uated. The deforrha.tion woul& have prcceeded selectively along those
fractures. that were ogiented to relieve the Laramide stresses most easily.
Nevertheless, the general pattern of the larger features is notably similar
to a fracture pattern which might be predicted for a large elongated dome
or doubly-plunging anticline‘. |

: If the southeastern part of the Archuleta anticlinorium originated
as a broad dome the fracture pattern itself does wot necessarily indicate
whether the dome was formed by predominantly vertical forces (with no
attendant crustal shortening), or by generally horizontal‘deep-uated com-
pressional forces (with attendant bulging and crustzl shortening). Also the
pattern of deformation might have been caused by shift along a postulated
deep-seated regional wrench zore (the Rattlesnake lineament) as suggested

Sy Kelley and Clinton (1960, p. 95). However, it should be noted that, if

the southeastern part of the anticlinorium has been shortened, the struc-

- turally high part on which Horse Lake and Willow Creek anticlines are

gituated has been shortened more than the structurally lower part of the

tntiglinorium on which Dulce and Monero dome s are situated. Thus, a
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local coupling action would have resulted between the Horse Lake-Willow
Creek aﬁd Dulce-Monero structural culminations, and this may or may
not be related to deep-seated regional wrench zones.

The configurations of the individual folds of the southeastern part
of the anticlinorium indicate something about their origin. Locally, on
the eastern flank of Horse Lake anticline and the western flank of Willow
Creek anticline, the sedimentary rocks are vertical and at ;ome places
may be overturned slightly. The configuration of the Tecolote Mesa syn-
cline and the adjacent steeply dipping limbs of the anticlines indicates
shortening in a northeast-southwest direction, as does the configuration
of the Lagunas-Puente domes wedge. The Horse Lake anticline has the same
relationship to the Tecolote Mesa syncline that the Puerto Chiquito anti-
clinal nose has to the syncline on its northern flank, and the alinements
of the Horse Lake and Puerto Chiquito folds are similar (Fig. 21), thus,
poseibly indicating a similar origin due to northeasterly oriented
compression.

Thus it may be seen that, although the pattern of the major faults
on the Horse Lake and Willow Creek anticlines seem to indicate that the
faults were form?d by longitudinal and transverse tensional stresses in
the upper part of a broad dome, the configuration of the individual folds
indicates at least a small amount of ‘lhonening which would require a
comprouit;n;l force. These stress conditions are ndt. necessarily incom-

patible inasmuch as they could have been produced during two (or more)
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phases of yielding of the competent basement rocks to a northeasterly
oriented tangential compressional force.

A possible mechanism is illustrated by the structural profiles
shown on Figure 23. In Figure 23a the hypothetical profile (at right
angles to the axis of thg southeastern part of the Archuleta anticlinorium)
shows faults th.at might ha.vev developed on a low doubly-plunging dome
which was upwarped between the San J’u;.n and Chama basins because of a
deep-seated nearly horizontal compressional stress. Tensional {longi-
tudinal and shear) faults would develop in the higher part of the relatively
competent basement rocks of the dome because of longitudinal and trans-
’verle stretching, and these faults would be extended upward into the
relatively incorﬂpetent sedimentary rocks which would be stret;:hed more
than the basement because they are higher in the fold. It seems likely that,
once the faults were developed in the relatively competent basement rocks,
further deformation would proceed along these early-defined zones of
structural weakness.

During the post-San Jose stage of deformation, when the major
right shift occurred on the Nacimiento and Gallina faults, the San Juan

i
Basin encroached northeastward on the Archuleta anticlinorium, and the

s @

San Juan Basin was depressed more than the Chama basin. The basement
rocks of the Horse Lake block were tilted toward the San Juan Basin and
this tilting probably deflected the compressional force locally so that it

was directed slightly upward on the western flank of the dome (Fig. 23b).
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Figure 22.--Structural profiles of the Horse Lake and Willow Creek anticlines.
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a. Normal foults resulting from stretching of the upper part of a dome
formed by deep-seated compressional forces (arrows).

b. Crumpling of the dome with reversal of direction of throw on some
foults ond strike-slip movement on major shear foults.

Figure 23.--Diagrammatic cross sections showing hypothetical stages of
development of an anticlinorium from an elongate dome.




The upward deflection of compressional stresses in the dome

caused aﬁme of the earlier-formed normal faults to becor igh-ax o le
reverse faults. Strike-sup movement along the sarlier forn

faults would have allowed the Horse Lake and Willow Creek useimne,
blocks to be shoved toward each other as the wedge -shaped [ecolote
Mesa and Lagunas-Puente basement blocks were depressed and shoved
slightly outward parallel to the axis of the dome. Thus, strike-slip
movements on the shear faults would have accomplished transverse
(northeast-southwest) shortening and slight longitudinal (northwest-
southea‘st;.lengthening oi the dome. This could account for the north-
east-southwest shortening implied by the geometry of the sharply-folded
sedimentary rocks on the opposed flanks of the Horse Lake and Willow
Creek anticlines, and the shortening implied by the configurations of
Tecolote Mesa syncline and Lagunas and Puente domes. A mechanism
of strike-slip as well as vertical movement between competent blocks
of the uparched basement might have produced folds in the sedimentary
rocks on other parts of the anticlinorium also, but it is beyond the scope
of the present paper to discuss the mechanics of the other folds.

The writer concludes that the fault pattern and the symmetry of
the Horse Lake and Willow Creek anticlines on the southeastern part of
the Archuleta anticlinorium probably indicate that this part of the anti-
clinorium originated as a low, northwesterly elongated dome which was

later deformed into an anticlinorium. The entire Archuleta anticlinorium
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seems to-have been pr;)duced by the noriheasterly compressional force
which downbuckled the San Juan ;nd Chama basins and caused the right
shift on tﬁe Nacimiento and Gallina faults. Probably the main deforma-
tion was accomplished in fwo or more stages during Late Cretaceous and
early Tertiary time, but some stages of faulting occurred later. Accord-
ing to Dane (1948) a few of the faults on the anticlinorium are younger

than the Miocene(?) dike swarm crossing that feature, and may be of
Miocene or Pliocene age. However, according to Wood, Kelley, and
MacAlpin (1948), sills associated with the dikes in Cclorado are not dis-
placed by the major faults that offset the Cretaceous rocks. The a.li-nements
of the dikes show little relationship to the structure of the eastern part

of the San Juan Basin or the Archuleca anticlinorium, and their intrusion
probably was related to stresses other than those which produced t};e .ba.sin-

and anticlinorium.

Regional Structural Discontinuity
The Nacimiento and Gallina faults and the eastern margin of the
Archuleta anticlinorium mark a major regional structural discontinuity.
The Nacimiento and Gallina faults are a sharp and easily recognized dis-
continuity, but north of the surface termination of the Gallina fault there
is no single str ctural fedture to delineate the discontinuity. However,
the patterns of de,ormatiun a e cor siderably different on either side of a

slightly ¢ .rved iine projected north-northeastward from the northern
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termination of the Gallina fault. The folds and faults of the Archuleta
anticlinorium certainly do not terminate abruptly at the nosch-northe:s (-
trending stippled boundary shown (on Fig. 12) as the eastern boundary of

the anticlinorium north of the Gallina fault; nevertheless, many of the
structures do. ‘terminate very near this boundary and the structural grain

of the Chama basin at ‘the‘ southeast is dissimilar to that of the anticlinorium.

The line or band of discontinuity can be projected north-northeast-

ward past the northwestéplunging end of the Brazos uplift but is lost

s g !
beneath the rocks of the San Juan Mountains volcanic field in the vicinity
of Cu;'nbres Pass north of the New Mexicn-Colorado boundary. The total
length of the disco.ntinuity from the south end of the Nacimiento uplift to
the vicinity of Cumbres Pass is almost 110 miles. The structural dis-
continuity is similar in its general alinement and position to a central
segment of the Eastern Rockies trend (of Kelley and Clinton, 1960, fig.
9, p. 93)--a straight north-northeast-trending lineament drawn through
the northern part of the Lucero uplift, the northern end of the Nacimiento
uplift, and the northwestern end of the Brazos uplift.

Not only is the structural grain different on opposite sides of the
discontinuity but, perhaps more importantly, differing major structures
are opposed. Thus, where the Nacimiento uplift is opposite the San Juan
Basin, the eastern side is structurally highest; where the Archuleta
at;ticlinorium is oppesite the Chama Basin the western side is ltructur_-

ally highest; and, farther north, where the Brazos uplift is opposite the
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northern part of the Chama Basin and the San Juan sag, the eastern

side is again structurally highest (Fig. 24). The major structural uplifts
on either side of the discontinuity seern to be more or less distinct
structural blocks whose geﬁeral outlines and orientations were determiined,
at lea-_t.partly, by pre-Laramide events. The northerly alinement of the
Nacimiento uplift is'aﬁ old as Pennsylvanian or Permian (Renick, 1931,

P 14-19;.Wdod. and Northrop, 1946; Read and Wood, 1947, p. 226, 232-234),
‘and the northwe sterly alinements of the Archuleta anticlinorium and Brazos
uplift also are as old as Pennsylvanian or Permian (Dane, 1948; Read and
others, 1949). Although Pennsylvanian rocks are absent from much of the
ar#ticlinorium and the uplifts, deep wells have shown that they are present
in the San Juan and Chama basins. !

The structural discontinuity is oblique to t:he trends of thé major
structures on either side, and the alinement of the Nacimiento fauilt diverges
more from the direction of shortening of the San Juan Basin and Archuleta
anticlinorium than does the alinement of the Gallina fault and the northern
part of the discontinuity. This obliqueness suggests the rather ubvious
conclueions that the basement rocks of the region are not homogeneous
and that they yielded differently during deformation, setting up local
stresses which governed the forfnation of local -trﬁcturec. The Precam-
brian basement rocks of the Nacimiento uplift are mostly granite, where-
as the Precambrian rocks of the Brazos uplift are mainly metasedimentary
and metavolcanic rocks. Unfortunately, practically noihing is known
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Figure 24.--Generalized sketch model of the mojor features along the regional structural discontinuity.



about the basement rocks of the Archuleta anticlinorium and e S _ Ju.
and Charz;xa basins.

Where the regional structural discontinuity is the Nacimie:nr an
Gallina faults it is '""real''. Along the eastern side of the Archuleta anti-
clinorium the significance of the discontinuity is a matter of interpretation.
Howéver, the fact that ti1e rocks are deformed differently on opposite sides
of a line (or narrow band) leads to the id=a that the discontinuity may
represent a real feature such as the contact between rocks of differing
structural competence, or a major zone of fracturing. This feature, if
present, would have to be in the br;).sement along the eastern side of the
Archuleta anticlinorium inasmuch as the surface sedimentary rocks are
the same on either side of the discontinuity, and at the surface there are
no known faults parallel to the discontinuity.

During Laramide orogeny the considerable structural competence
of the massive granite of the northerly trending Nacimiento uplift block
caused it to resist deformation by the regional northeast-southwest
compressional force, and the uplift had a buttressing effect which partly
accounts for the relatively minor deformation of the Chama basin region.
The upward-bulging of the Nacimiento uplift and the slight downbuckling
of the Chama basin region caused a small amount of northeast-southwest
shortening, whereas the downbuckling of the northwesterly alined San Juan
Basin and the upbuckling of the northwesterly alined Archuleta block

caused a greater amount of northeast-southwest shortening. This
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difference in amount of shortening was accommodated main! by -.gn:
shift along the Nacimiento and Gallina faulis. The folding and cruipling
of the Archuleta anticlinorium that cause a small amount of shortening
in a northeasterly direction would seem to necessitate some right shift
between the a.nticlinorium and the Chama basin. If the shift took place
along a deep-seated shear zone in the basement rock}s, the overlying
sedim.entary blanket would have been twisted above ihe shear zone. The
benq and increase in amplitude of the northern part of the Rio Chama
anti.cline, and the southerly trend of some of the large faults northeast of
. El Vado might indicate twisting but the evidence is not conclusive. The
Archuleta anticlinorium and the Chama basin are, in a sense, complemen-
tary features. The amount of northeast-southwest shortening of the up-
buckled anticlinorium is of the same general magnitude as the amount of
shortening of the downbuckled Chama basin; thus there was no geometric
necessity for a large amcunt of lateral shift along the structural discon-
tinuity north of the Gallina fault. Unfortunately, the northern parts of the
Brazos uplift and the San Juan sag in Colorado are buried beneath the
San Juan Mountains volcanic field and it is impossible to determine whether
lateral shift occurred along the discontinuity in Colorado.

Although most of the regional compressional stress was relieved
by buckling nearly at right angles to the stress, and by right shift on the
N#cimiento and Gallina faults, part of the stress was transmitted across

the oblique discontinuity to bulge the Nacimiento uplift and buckle up the
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northeasterly-trending western limb of the Chama basin along the French

Mesa-Gallina uplift.

Discussion
The general oval or parallelogram symmetry of the San Juan Basin
~ cannot be attributed;tq outward-directed compressional forces arising

y i : ‘

entirely from Vshortening an‘d crowding within the basin as it subsided.
‘The amount of subsidence was such that outward-directed compressional
forces in the basement would have acted only during the initial phases of
Laramide subsidence. During the remainder of the subsidence the
basement of the Central basin would have been lengthened or would have
subsided as a graben if it had not been under compression by a force
directed toward the basin. The right shift along the Nacinliento and
Gallina faults indicates that the basement rocks of the eastern part of
the basir; were shortened during the later stages cf subridence, and this
shortening seems to require that the subsidence was caused by north-
easterly directed regional compression. This force probably produced
both the basin and the surrounding uplifts.

Dallmus (1958, p. 907) has shown that the greatest compressional
stresses in a subsiding basin are near the area of greatest depression
of the basin. This is true whether the crust subsides in response to a
principal vertical force, or in response to a principal tangential com-
pressional force. Thus, the central part of a depressed segment of the
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crust is a favored location for intrabasinal and interbasinal arches
uplifts. '\I‘he‘ positions of the arches are governed, of course, by the
positions of pre —existipg zones of crustal weakness as well as by the
position of maximum stress within a basin. The interbasinal San Juan
dome and Aro;:huleta anticlinorium lie partly on an ancient northwesterly
:tren‘ding 'uplift, and are near the central part of the northwesterly trending
by .;
Late Cretaceous basin whose northeastern margin was marked by the
Uncompahgre-Sangre de Cristo geanticline (Fig. 10). Thus it seems
likely that the dome and anticlinorium originated as an intrabasinal
arch in the area of maximum compressional stress in the subsiding
basin.

After the arch was formed the San Juan Basin and the San Juan
sag seem to ha.ve been deformed semi-independently. The poorly defined
semicircula;r shape of the northern rim of the Central basin probably is
due partly to secondary outward-directed compressional forces caused
by crowding in the Central basin as it was shortened and downbuckled.
Also, the San Juan dome seems to have been upwarped as the Central
basin was depressed, and the compensating effect of the radial expansion
of the dome probably helped to define the curved northern rim of the
basin. |

Although an analysis of the structure of the eastern side of the
San Juan Basin and adjacent uplifts indicates that the basin and uplifts
were produced by regional tangential compression, the analysis does not
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indicate whether this stress was ultimately the result of a regional
vertical principal force which caused the subsidence of a very large
segment of the earth's crust. Possibly this segment might have been as-
wide as the entire Cretaceous Rocky Mountain geosyncline. On the other
hand, it is obvious that a regional compressional principal force could
produce local Is,econdary vertical forces. In this connection it should be
noted that the linear uplifts and basins east and north of the San Juan Basin
follow a regional pattern of curving uplifts concave to the southwest. On
the eastern side of the Uncompahgre-Sangre de Cristo geanticline, the
Sangre de Cristo Mountains were the site of overthrusting in Paleocene
and Eocene time (Burbank and Goddard, 1937; Johnson, Dixon, and
Wanek, 1956; Baltz and Bachman, 1956; Wanek and Read, 1956). The
northern part of the Sangre de Cristo uplift bends northwestward and
merges, more or less,with the northwesterly trending uplifts such as
the Gunnison and Uncompahgre uplifts in the northeastern part of the
Colorado Plateau. These relations suggest that a segment of the earth's
crust comprising the Colorado Plateau may have shifted north-northeast-
ward and encroached upon the region to the north and east (or vice versa),
generating a regional tangential compressional stress.

Thus, it would appear that, although analyses of the mechanics
of forfnation of individual basins can more or less demonstrate the forces
that‘ produced the basins and adjacent uplifts, the analyses cannot con-

clusively demonstrate the ultimate nature of the regional forces involved.
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It is unlikely that the ultimate causes of regional stresses in the earth's
crust will be determined and understood until the local mechanics of

deformation of all parts of large regions have been analized thoroughly.

DEPOSITIONAL AND TECTONIC HISTORY

On the basis of stratigraphic relations determined in the mapped
area a.nd elserhere in northwestern New Mexico and southwestern Colorado,
some of the stages of LLaramide deformation of the San Juan Basin and
some of the adjacent uplifts can be dated. In late Montana time, during
deposition of the Pictured Cliffs sandstone and the Fruitland and Kirtland
formations, the Uncompahgre-Sangre de Cristo geanticline (Fig. 10)
rose to define the northeastern limhb of a northwesterly trending basin
that included the area cf the present San Juan Basin but was larger than
the present basin. The area of the Nacimiento uplift may have been a
shoal at this time. Near the end of Cretaceous time the San Juan Basin
began to be formed. Prior to deposition of the Ojo Alamo sandstone,
low northwesterly trending folds began to be formed in the adjacent parts
of the present San Juan Basin and Nacimiento uplift. This folding may
indicate a small amount of shift between the San Juan Basin and the Naci-~
miento uplift, but the structural relief between the two probably was small,
The Archuleta anticlinorium probably began to be formed during deposi-~
tion of the Mancos shale, and before the end of Cretaceous time it was

uplifted to form an intrabasinal arch, thus beginning the delineation of
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the San Juan Basin and the San Juan sag. The Hogback monocline on the
northwestern side of the Central basin probably began to be formed prior
to deposition of the Ojo Alamo.

Durin.g Paleocene time the Uncompahgre-Sangre de Crisio geanti-

‘cline’ (probably including part of the Brazos uplift) contributed a large

- amount of orogenic and volcanic detritus to the San Juan Basin region.

The Nacimiento uplift, Archuleta anticlinorium and Chama basin may

. have undergone some deformation, but they were parts of the same depo-

sitional basin in which the Nacimiento and Animas formations accumulated.

The Animas formation seems to have been deposited across the Archuleta

,;ntichnorium and is present in the San Juan sag in the southern part of

the San Juan Mcuntains. No unconformities were found within the

Nacimiento formation on the eastern side of the basin and it is probable that
.

the Nacimiente and Animas formations were deposited across the region

of the Chama basin and Nacimiento uplift. Parts of the Nacimiento and

Animas formations were deposited on the Four Corners platform west of

the Central basin, but intraformational unconformities indicate that folding

continued episodically along the Hogback monocline during early and middle

Paleocene time. In latest Paleocene or earliest Eocene time the entire

Central basin was downwarped and the northwesterly trending anticlines

at the eastern side of the basin and adjacent part of the Nacimiento uplift

were rejuvenated and folded sharply. The basin may have been depressed

slightly relative to the Nacimiento uplift during the right shift which
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produced the folds.

In early Eocene time the Uncompingre-Sangr- d Cris geant line
contributed a large amount of arkosic detritus to the San Juan Basin region.
These sedimen.ts of the Cuba Mesa member of the San Jose formation rest
unco nfor;néﬁly on the .Nacimiento formation on the western, southern, and
eastern margins of the Central basin, but the San Jose and Nacimiento
probably are conformable in the interior of the basin. During deposition
of the Regina member of the San Jose formation, differential vertical
movements defined the eastern edge of the Central basin as the basin
was depressed relative to the Nacimiento and French Mesa-Gallina
uplifts. The first stage of deformation was the production of a west-
facing monocline along the western side of the uplift. Large volumes of
Cretaceous and older sedimentary rocks were eroded from the Nacimiento
uplift although the Precambrian core does not seem to have been exposed
at this time. Probably the Paleocene and latest Cretaceous rocks were
eroded also from the main part of the Archuleta anticlinorium and the
San Juan dome and the detritus was deposited in the San Juan Basin. The
Precambrian terrane of the Brazos uplift contributed a large volume of
coarse detritus (Llaves member of the San Jose formation) to the deeper
part of the San Juan Basin. Folding continued episodically on the Hogback
monocline on the northwestern side of the Central basin in early Eocene

i
time. During a period of relative tectonic quiescence the San Juan Basin
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was filled by sediments of the San Jose format.on which lapped out of the
basin and‘onto the flanks of the adjacent uplifts (Telluride conglomerate,
Blanco Basin and El Rito formations) as the source areas were worn
down by erosion.

Post-San Jose (probably Eocene or Oligocene) deformation was
attended by the main movements along the Nacimiento and Gallina faults
during further depression and northeastward shift of the Central basin.
The San Jose formation was tilted inward along the margins of the entire
Central basin. The Szn Jose formation and older rocks were uplifted and
tilted along the western side of the Archuleta anticlinorium, causing the
axis of the basin to be defined in its present position in the Central basin
;;s the arch was deformed into an anticlinorium.

The Brazos upliit and the eastern part of the Nacimiento uplift
were tilted eastward after Oligocene or early Miocene time, as shown
by the fact that the El Rito and Abiquiu formations (of Smith, 1938) in
the Brazos uplift and in the northeastern part of the Nacimiento uplift are
tilted eastward. This tilting probably occurred in Miocene and Pliocene
time and was accompanied by strong faulting along the eastern margins
of the uplifts during the formation of the Rio Grande trough. The east-
Qva.rd-tilting of the uplifts that lie east of the San Juan Basin might have
caused slight stretching in the eastern part of the basin. This stretching
could have selectively opened certain earlier-formed fractures such as

those into which the lamprophyre dikes were intruded in Miocene(?)

~ 260



time in the northeastern part of the basin and on the Archuleta anticlinorium,
Structural adjustments have taken place in the southeastern part of the
Nacimiento uplift as recently as Pleistocene and Recent time as shown by
the fact that th'e Bandelier rhyolite tuff (of Smith, 193 8) has been broken by

normal faults (Wood and Northrop, 1946; Northrop, 1950, p. 41-42).

PRINCIPAL CONCLUSIONS

During the mapping and study of the subsurface geology of the
’east-c!entral part of the San Juan Basin, it was determined that several
Late Cretaceous rock units are more extensive than indicated in previous
reports. The Picture’ Cliffs sa dstone and the undivided Fruitland
formation and Kirtland shale wers traced along the eastern side of the
basin more than thirty miies north ¢f the positions where they had been
reported to wedge out into the Lewis shalr. The Pictured Cliffs changes
laterally into a thin aquence oif shaly sandstone and sandy shale that can
be traced to the northeastern part of the area where it finally becomes
indistinguishable from the upper part of the Lewis shale. The Fruitland-
Kirtland sequence, which contains northward-thickening marine or brackish-
water sandstone as well as nonmarine sandstone and shale, does not wedge
out and was traced across the entire area.

The Fruitland-Kirtland sequence is overlain unconformably by the

Ojo Alamo sandstone in the east-central part of the San Juan Basin. The

unconformable relationship indicates that low folds were developed on the
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eastern side of the basin prior to the deposition of the Ojo Alamo. The
Ojo Alamo has been considered to be Cretaceous by most workers because
a locally present unit of dinosaur-bearing shale was assigned to the lower
part of the formation at its type locality. However, the per~istent sand-~
stone which c'onstitutes the upper part of the jo Alamo at its type

locality probab.ly is unconformable with the underlying dinosaur-bearing
shale. The persistetﬁ upper sa!,ndstc;ne is cc-»rreldted with the Ojo Alamo
of the east-central and western parts of the basin, and meagre florules
indicate that the Ojo Alamo sandstone (excluding the dinosaur-bearing
shale at the type locality) is early Tertiary.

The Ojo Alamo sandstone is overlain conformably by the Naci-
mien'to formation of Paleocene age. No evidence of unconformity was
observed at the base of the Nacimiento in the east-central part of the basin
although previous workers have postulated that the contact is an uncon-
formity on the southwestern and western sides of the basin. The
Nacimienio formation is overlain unconformably by the San Jose formation
of early Eocene age. Physical evidence substantiates the unconformity
postulated previcusly ou paleontologic evidence by Simpson. The varia-
tions in thickness of the Nacimiento formation indicate that a system of
northwesterly-trending folds developed along the eastern side of the San
Juan Basin prior to the deposition of the San Jose formation.

The San Jose formation consists of several mappable facies which

were named the Cuba Mesa, Regina, Llaves, and Tapicitos members. An
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intraformational angular unconformity between the Regina member and

older rocks near the eastern edge of the basin indicates that a monocline
began to form on the western side of the Nacimiento uplift in early Eocene
time. The overstepping Regina beds are folded also, and this indicates

that much of thé structural relief between the basin and uplift is the result of
movements on the Nacimiento fault after the deposition of the San Jose
formation.

The stratigraphy and structure of the mapped area provide evidence
concerning the nature of the Laramide deformation of the entire eastern
part of the San Juan Basin and the adjacent uplifts. The north-trending
Nacimiento fault and the northea.sterly-trending Gallina fault are high-
angle wrenches aléng which right shift occurred during downbuckling and
shortening of the basin in respcnse to a northeasterly-directed regional
compressional force. The southeastern part of the Archuleta anticlin-
orium was upwarped and shortened by the same compressional force.

The Nacimiento and Gallina faults and the southeastern margin of
the Archuleta anticlinorium mark a major north-northeast-trending
structural discontinuity along which differing major structures are opposed.
The variations in structure on either side of the discontinuity appear to be
the result of differential yielding to the regional compressional stress by

crustal blocks whose alinements and structural competence are different.
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Localities la-1d, composite section, T. 20 N., K. 2 W. Units
1 -13 measured at locality la on the south side of the small butte in
the SE 1/4 SW 1/4 sec. 25. Units 14 -31 measured at locality 1b on
the topographic spur projecting eastward from Mesa Portal in the
SW 1/4 NW 1/4 sec. 25 and the NE 1/4 sec. 26. Units 32 -52 measured
at locality lc on the mesa north of Arroyo Chiuilla in the NE 1/4 NE 1/4
sec. 23, and the SE 1/4 sec. 14. Units 53 -95 measured on the SW
side of a spur of Mesa de Cuba at locality 1d in the NW 1/4 SW 1/4 sec.
12, and NE 1/4 sec. 11.

Top
: Thickness
(feet)
San Jose formation:

Cuba Mesa member (in part):
95. Sandstone, light-tan to brown. Fine-grained

to very coarse grained quartz with 1C percent
pink feldspar. Contains many granules and
pebbles composed mainly of quartzite. Cross-
bedded, beds 1-15 feet thick. Contains silici-
fied wood. Lower two-thirds forms nearly
vertical ledges; upper one-third forms rounded
ledges at the top of the southern part of Mesa

de Cuba ., . . - . . - s s o 1D
94. Sandstone, Algh*--gray, shaly Forms notch
Erosional contact with overlyingunit . . . . . 6

23. Sandstone, light-tan, fine-grained to very coarse
grained., Composed of angular to subround quartz
with some rock fragments and a trace of muscovite.
Forms thin, notched, rounded ledges. . . . . 30

Nacimiento formation:
92. Steep slope mostly covered by talus from above
units. Gray to olive-green silty clay shale is ex-
posed at a few places. Upper 50 feet is a boulder-

strewn bench. . . . . . ¢ seoidas e 90
91. Shale, silty clay, gray and ohve -green; fcrms
steecp slope. . . . TR T S, . 16
90. Lignite, dark-gray, sxlty and a.rgﬂlaceous forms
conspicuous band. . . . . 2 A e 3
89. Shale, silty and sandy, light ohve -green. . . . 30
R 88. Sandstone, light-brown, medium-grained, soft,
and channel cross-bedded. This unit thickens
southwestward and forms a strong ledge. . . 8
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Localities la-1d - Continued Thickness
{(feet)
Nacimiento formation - Continued
87. Shale, sandy and silty clay, light olive-gray with
~a few purple bands. Near the middle of the unit

is a yellow sandstone lens four feet thick. . . 68
86. Clay, purple, with interbedded olive-green sandy
siltstone; forms steep slope. . . . . . . . . 12

85. Sandstone, light-buff to light olive-~green; fine -
to medium-grained and argillaceous. Forms
solt rounced S - - . < » o s » s v & o 13
84. Siltstone, olive-gray and purple, and inter-
bedded clay. Near the middle is a lens of
ferruginous sandstone, 2 feet thick. Unit forms

a steep, fluted slope. . . . . . A -
83. Sandstone, light-brown, medium- gramed forms

a vertical ledge. . . . . S g 1y a bl prEE R
82 Sandstone, fine-grained, arg111aceous, slope -

IOEMRNE: -« » » = & = & PR 8
81. Shale, silty clay, olive-green, sandy . 5
80. Clay, purple, slope-forming. . . . . . . . . . 4

79. Sandstone, light-buff, fine- to mediu \-grair.
soft. Contains gray clay lens o IRy
78. Shale, silty clay, olive~gray with purp - bands
Contains very thin beds of soft yellow sand-
stone. Forms a steep, fluted, irregular slope. «
77. Shale, gray clay; and buff, fine- to medium-
_ grained sandstone. . . " . 6
76. Claystone, light-purple; mterbedded soft sand-
stone and olive-gray siltstone. Forms a small
Beuth. . o« « o« o o » A A 13
75. Siltstone, olive-green w1th purple bands. Soft
white sandstone 3 feet thick occurs near the
middle. Unit forms a soft slope. . . . . . 14
74. Siltstone, argillaceous, light yellowish-gray. . 4
73. Sandstone, light-brown to tan, medium-grained;
contains pink rock fragments and black grains.
Sandstone is cross bedded and contains thin
stringers of gray shale. Unit is mostly soft,
but some beds form small vertical ledges. . 23
72. Shale, silty clay, light olive-green. Upper part
is sandy and contains lignite shale and silici~

fied wood. Unit forms a rounded hill. . . . 26
7. Lignite, black to dark-brown; forms a conspicuous
band above a small bench. . . . . . . . . 3
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Localities la-1d - Continued

70.

69.

thick, es
(feec)
Nacimiento formation - Continued
Claystone, bentonitic, olive-gray; forms a
soft slope on the lower part of a bench. . . g
. Siltstone, shaly, yellowish-gray; forms a
soft slope. . . . . 8

68.

g

67.

66.

65.

64.

63.

62.

61.

60.

59.
58.
5.

Sandstone, buff to yellow1sh brown, fine - to
. coarse-grained, argillaceous; forms a soft,
rounded to vertical cliff. . . . . . . . . 11
Shale, light olive-gray; contains several beds
of sandstone 2-7 feet thick and forms a soft,

smooth slope: « s « s o« s o« o & « i 42
Sandstone, light-buff to yellowish-brown, fme-
to medium-grained; forms a rounded ledge. . 5

Shale, silty, light olive-gray; contains stringers

of nodular ironstone and bands of dark olive -

green bentonitic clay. Unit forms a soft,

rounded slope. . . . . ® W ks e " 18
Sandstone, light-gray, 51m1lar to unit 62 be‘ow.

Unit is lenticular and locally merges with unit

62. This sandstone is the upper bed of a zone

characterized by soft, white-weathering sand-

stone and interbedded gray shale. . . . . . . 14
Shale, silty clay, medium- to dark-gray, lenti-
CRlA®. .+ ¢ s & o x & . & % % 8

Sandstone, light-gray, stamed yellow -brown;
composed of very fine grained to coarse-grained
quartz with a few pink, yellow, and black rock
fragments and feldspar grains. The unit grades
laterally into shale, and forms a soft, rounded,

fluted, steep slope. . . . . « » &5
Shale, light olive-gray to dark- gray, forrns a
small rounded bench. . . . . . " S

Coal and dark-gray carbonaceous shale forms
conspicuous notch. This bed was traced north-
westward from exposures near the Torreon road
into the deep canyon on the south side of Mesa de

Cuba where units 61-95 were measured. . . . . 0.5
Siltstone, slightly sandy, dark-brown. . . . . . . 3
Siltstone, shaly, light olive-gray. . . . . 6
Claystone, slightly sandy, dark purplish- gray,

forms a dark irregular band on the slope. . . . 5.5
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Localities la-1d - Continued

52. Sandstone, light- brown, very argillaceous, thm-
bedded. The unit forms a soft slope near the top
of a gravel-capped butte in sec. 14, T. 20 Nb‘
R. 2 W. Units 51 and 52 dip northward 1°-2" and
seem to be equivalent to a white sandstone below
unit 53 just north of the Torreon road. . . . .

51. Sandstone, wvery light-tan; weathers almost white.
Sandstone is fine to medium grained, argillaceous,

soft, and slope-forming. . . . . . . . . &
50. Siltstone, shaly, argillaceous, dark-gray. . . . .
49. Sandstone, silty, shaly, light-gray, very fine

gramed slope~forming. . . . 2w owm e b .
48. Clay, silty, gray; light-gray weathermg, slope—

SOEANE: « » & ¢ x» s 5 5 vle % % & & & & K @

47. Sandstone, light-gray, very fine grained, argil-
laceous, shaly; forms a slight, rounded ledge.

46. Clay, silty, light-gray to olive-gray with a
purplish band; slightly bentonitic, . . .

45. Sandstone, very light-olive, weathering almost
white. Sandstone is very fine grained and argil-

laceous. . . . . W e N WOF A e ol
44. Siltstone, shaly, gray PO R S T R gt
43, Clay, dark-gray. . . . v Wl ¢ Limde e g

42. Sandstone and sandy shale, olne-drab argillaceous.
Unit weathers to light yellowish-brown slope .

41, Clay, similar tounit 39. . . « . . . « « » + »

40. Sandstone, gray-white. fine-grained, argillaceous,
soft. . . . . $ L5 @ oW pow s R

39. Clay, light olive- gray PR TP e S .

38. Sandstone, gray-whﬂ:e, fine-grained, arg111aceous,
sofk, i . + s R RPN R N IR e

37. Clay, light olive -gray v a2 @ e e kel .

36. Sandstone, gray-white, fine-grained, argxlla.ceous,
MO « ¢ o s s s s e § A EE B
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Thickness
(feet)
Nacimiento formation - Continued

56. Siltstone, argillaceous, light-gray; contains

several thin stringers of white -weathering

lenticluar sandstone. $ . m % e 20
55. Claystone, purple. . . . AT v 1
54. Sandstone, argillaceous, gray-whzte iorms an

irregular band on a steep slope. . . . . . . 4
53, Siltstone, shaly, light gray; forms a steep fluted

slope north of the Torreon rcad east of a

cattleguard. . . . . R S S A 8

7
3

11

b N
w

8.5
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Localities la-1d - Continued T

Nacimiento formation - Continued

35. Clay; mainly drab gray with some purpulh and
olive bands, and some siltstone stringers. The
unit forms soft rounded slopes on a butte. . .

34. Siltstone, argillaceous, light brownish-gray;
contains stringers of yellowish sandsetone,
and forms a slope. . . . . '

Total thickness of Nacimiento iorm;tmr

Ojo Alamo sandstone:

33. Sandstone, yellowish-browr, argillaceous, fine~
to medium-grained, shaly-bedded, soft; forms
poorly exposed rounded slopes. . . . . . . .

32. Sandstone, light-buff, medium- to coarse-
grained; concave cross bedding. Unit forms
moderately strong, smooth ledges retreating
from unit 31 on the north side of Arroyo Chiuilla.
Unit 31 was correlated from the south side of
Areoyo CRIWIME: : . 5 <« v « « o s % ¢ = »

31. Sandstone, fine- to coarse-grained, with granules.
A thin stringer of carbonaceous shale occurs
near the base. The unit forms low rounded hills
on the northeastern part of Mesa Portal. . . .

30. Sandstone, yellowish-brown; coarse-grained to
granules; mostly angular to subangular quartz
with fragments of feldspar common. Locally at
the base of this unit is a lense of channel-filling

gravel composed of small pebbles of quartz, chert,
clay, and feldspar. Flattened carbonized logs are

present in the gravel. The unit forms a strong
cliff, and thickens south of the locality of meas-
urement. The base of the unit is an irregular
erosional surface. . . . . ¢ ¢ + ¢ v s o .
Total thickness of Ojo Alamo sandstone. . . . .

Kirtland shale and Fruitland formation, undivided:
29. Sandstone, light-brown, fine- to coarse-grained;
grades into underlying unit and weathers to a
PORER: +» 45 5 % & % 5 & 4 4 5 & WA $e &
28. Clay, purplish-gray; forms low rounded slopes..
27. Shale, sandy and silty, olive-gray; forms
rounded slopes. . . . . « . ¢ o o & o 4 s .
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Localities la-1d - Continued Thickness
(feet)
Kirtland shale and Fruitland formation, undivided - Continued
26. Sandstone, very light gray to buff; weathers
light orange -brown. Sandstone is composed
of fine-grained to very coarse grained, an-
gular to subangular quartz with a minor amount
of weathered feldspar and rock fragments. The
sandstone is ferruginous and contains nume rous
casts of logs. Bedding is irregular, and an
ironstone layer 1-3 feet thick occurs near the
top of the unit, The unit forms a blocky vertical
eREE. » & 4 & e Wl e el s w s ok v o+ L&
i 25. Siltstone and very fme grained sandstone, inter-
Y bedded. The lower half is olive-green; the
upper half is banded gray, brown, and purple.

The unit forms nodular-weathering notch. . . . 9
24. Shale, purple and olive; upper part is silty and
grades into the overlying unit. . . . o w e

23. Sandstone, light-gray, tan-weathering; composed
of silt to very coarse gramed quartz, a few
grains of black minerals and rock frags, and a
few clay pebbles. About 20 feet above the base
is a dark-brown concretionary layer. The unit

is cross bedded and forms a vertical ledge. . . 25
22. Sandstone, brown to white, medium-grained,

argillaceous; weathers to a notch. . . . . . . 1
21. Sandstone, olive-gray, fine- to medium-grained,

slope-forming.- . . . . v wHE . 18
20. Shale, light olive-gray; contams plant fragmente . 1.5
19. Sandstone, buff, fine-grained, argillaceous;

forms a small rounded ledge. . . . . . . . . . 3.5
10. Clay, simnilar toamit 16. . . . . . . ¢« ¢« ¢« » « =« &

17. Sandstone, very light-brown, fine- grained to

very fine grained, argillaceous and micaceous;

forms a rounded ledge with a gray shale strin-

ger near the middle. . . . . . . . ‘ . o 11
16. Clay, banded olive-green and purple, shghtly

bentonitic; forms smooth, rounded, fissured

BillE. « s 5 % » & % % 8 & 3 & % 8 5 & o 34
15. Sandstone, very light gray to white, fine- to

medium-grained. Sandstone is composed of

angular to subround quartz with a trace of pink

and green chert and black minerals; forms a

rounded soft slope at the eastern end of a spur.. 27
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Localities la-1d - Continued Fhackr . ae
(fee
Kirtland shale and Fruitland formation, undivided - Contim a
14. Sandstone, similar to unit 13 but softer; rests
on pink sandstone equivalent to unit 13 on a
~ small cuesta crossed by a road. . . . . . . il
13. Sandstone light-gray to light-buff to white;
medium- to coarse-grained, with some gran-
ules. The sandstone is composed of angular
to subround quartz with some rock fragments
- and contains pebbles of sandstone and red and
gray siliceous rocks. Much silicified wood is
present, with some logs as large as 2 feet in
diameter. The sandstone is strongly cross
bedded and forms a strong ledge capping an
isolated butte . . . . . v oeos w e e 10
12. Sandstone, light olive-gray to buff fine - to
- medium-grained; contains argillaceous string-
ers and forms a slight, rounded ledge on
Ehs RS, . &« =+ & 5 & = 5 5 o = » o 21
11. Sandstone, medium-gray, fine- to medmm grain—
ed, argillaceous. The sandstone contains many
flattened lignitized logs and a lignite band at
the base. The sandstone contains stringers of
gray clay with lignitized plani fragments. To
the southwest this unit forms a prominent, per-
sistent carbonaceous zone on the escarpment of

Mesa Portal. . ., . o s i endek ariEi S 10
Total thickness of ertland shale and Fruitland
T U U S 246.5

Pictured Cliffs sandston=:

10. Sandstone, light-gray, medium-grained. The
sandstone is composed of angular to sub-
angular quartz with a few pink and black grains
and black mica flakes. The unit is slightly
gypseous and ferruginous, and forms a steep

slow . A L] L] L] . . . . - L] Ll L] . L d L] 15
9. Shale, fissile clay, dark -gray; poorly exposed
on a slope. . . . . . . L L] . L L] . . . - - 3

8. Sandstone, light olive-gray, fine-grained to very

fine grained. About 30 percent of the unit is

clay shale in beds 2 inches-1 foot thick. The

unit is poorly exposed on a slope. . . . . . . 16.5
7. Covered. Probablyshale. . . . . . . . . . . 4
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Localities 'la-1d - Continued Thickness

(feet)
Pictured Cliffs sandstone - Continued

6. Sandstone, light olive-gray, fine-grained to

very fine grained. The lower part is poorly

cemented and forms a soft slope. The upper

part is '"papery-bedded', brown-weathering

SABRNERGE. i « W v v s 4w s AR e 6
5. Shale, clay, olive-green, poorly exposed. . . 5
4. Siafls'.one, fine -grained, soft, similar to

wnit 2; poorlyexposed. . . . . . ¢« « o o . 4

3. Sandstone, buif, medium-grained; contains
black grains; cross-bedded. The weathered
surface is a ferruginous brown rind one-eighth
inch thick, and the beds have a slightly concre-
tionary appearance. The sandstone contains
Halymenites and pelecypods, and forms small
ledges capping benches. Locally the unit forms
slopes. . . . . ; 3.5

2. Sandstone, light yellow1sh brown, f1ne graxned
to very fine grained, silty. Upper half contains
three 6-inch stringers of gray shale. The unit

forms a rounded slope. . . . . . i 7.5
Total thickness of Pictured Cliffs sandstone « s "04.5

Lewis shale (in part):
1. Shale, silty clay, light olive-gray to gray; con-
tains scattered tiny carbonized plant fragments.
The unit is poorly exposed on a slope. . . . . . 15+

Locality 2. Outcrops along State Highway 44 northwest of Cuba,
New Mexico. Section measured mainly on the north side of the recad.
The base of the section is in the NE 1/4 NW 1/4 sec. 20, and it was
measured westward across secs. 17, 8, 7, and 6, T. 21 N., R. 1 W.,
and sccs. 1 and 2, T. 21 N., R. 2 W. The thickness of unit 30 in secs.
28 and 33-35, T. 21 N., R. 2 W. ,was estimated from topographic maps.

Top Thickness
(feet)

San Jose formation:

Llaves member(?):
31. Sandsatone, buff, massive. The unit caps a mesa
on the Continental Divide. Top eroded. . . . 50 +
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Locality 2 - Continued

San Jose formation - Continued

Regina member:
30 Shale, sandy silty clay; gray with reddish,

yellow, and white bands. Lenses of soft,
argillaceous, fine- to coarse-~grained, buff
sandstone are interbedded, and most of the
unit forms soft slopes and low rounded hills.

Thickness
(feet)

Several ledge-~forming, thick beds of sandstone

are interbedded with variegated sandy shale.
The highest part of unit exposed along the

Continental Divide in secs. 28 and 29, T. 22 N.,

R. 2 W. is predominantly reddish shale with
thick lenticular sandstone interbedded.

Cuba Mesa member (type section), upper tongue (Tsc4):

29. Sandstone, rusty-brown to buff-weathering.

sandstone is composed of coarse-grained to

600
(estimated)

The

granule-size angular to subrounded quartz, with

some feldspar. The upper part of sandstone

is

a hard, rusty, ferruginous zone. The unit thins
northward, but thickens southwestward and merges

with unit 22 as units 23-28 wedge out.

Regina member, tongue (Tsr); wedges out to southwest:

28.

27.

26.
25.

24.

23.

Shale, silty clay, olive-gray, reddish-
WEMBETIRG. « « 5 . ¢+ o+ & o8 s o
Sandstone, olive-green, fine- to medium-~
grained, soft, argillaceous. o O
Covered. Probably shale. . . . . . . .+ &
Sandstone, light-orange to buff; composed of
very coarse grained to granule-size quartz,
with some feldspar. The unit forms a slope
inroad emt. & « o % & 5 s s & 5 @ © ¥
Sandstone, buff, fine~ to medium-grained; caps
a small hill and forms an irregular ledge .
Shale, sandy and silty clay, greenish-gray to
olive-green with purple-weathering bands.
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‘Locality 2 - Continued Thirkness
: (fr: et)
San Jose formation - Continued

Cuba Mesa member (type section), tongue (Tscj):
22. Sandstone, light yellowish-orange; composed
of fine-grained to granule-size, angular to
subround quartz with feldspar and rock frag-
ments. The unit forms a strong ledge. The
lower half is composed of several stream-
‘channel sandstones with thin interbeds of gray
shale. The upper half is more massive. The
unit wedges out to the northeast, but thickens
to the south and merges with unit 18 as unit 19
WEAses OME. 5 2 s = & & 5 2 & vow 5 o8 s v » 2 D0
B CowRsed. : = 2 0 2 & @ 2 4 % ¥ 3 5 s v s e a9
20. Sandstone, rusty-brown, very coarse grained;
gray shale intevbedded. . . . . . . . . . . . 5

Regina member, tongue (Tsr); wedges out to south:
19. Shale, gray, soft; contains thin beds of soft sand-
stone. The unit forms a slope on the high hill
north of State Highway 44. . . . . . . . . . . 55

Cuba Mesa member (type section), main part:

18. Sandstone, buff, stained yellowish-brown; coarse-
grained, cross-bedded, forms smooth rounded
ledges north of State Highway 44 west of Rito de
los Pinos. This unit is the upper part of the
lower tongue (Tsc,) of the Cuba Mesa member

north of the 1ocal1ty of measurement. . . . 47
17. Sandstone, soft and shaly, with carbonaceous shale
interbedded. . . . . . R R RS

16. Sandstone, yellow and buff very coarse grained
and pebbly; cross-bedded,forms rounded

ledges. . . . . " e v s e o0 48
15. Sandstone, gray and yellow soft Lenses of shale
are interbedded. . . . . . ; P - |

14. Shale, clay, gray and carbonaceous shaly sand-
stone interbedded. The shale contains many
silicified logs, and forms a long, low slope. . 20

13. Sandstone, yellow and buff; very coarse grained
with granules and small pebbles. The sand is
mainly angular to subangular quartz, but is
arkosic and micaceous. Unit has sweeping
cross beds and forms irregular, rounded ledges.
Large silicified logs are numerous. . . . . . 83
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Locality 2 - Continued Thicknesu

(feet)

San Jose forma.tion - Continued

Cuba Mesa member (type section), main part - Continued
12. Shale, gray, carbonaceous; forms a poorly

11.

10.

exposed slope above lowest sandstone ledge

west of Rito de los Pinos. . . . . . . . . . 5
Sandstone, yellow-buff; coarse- to very coarse
grained, arkosic. Contains many silicified
logs. Upper 1-2 feet is ferruginous ironstone.
The unit caps the top of the hill north of State
Highway 44 in the northern part of sec. 29,
'T. 21 N., R. 1 W. The top of the unit seems to
be equivalent to the top of the lowest sandstone
ledge west of Rito de los Pinos. This unit and
underlying units are mainly equivalent to the
basal part (T SCI) of the Cuba Mesa member

JUTtRer DO, & . & & v 5 &= % 5 s B 4 & » 55
Sandstone, orange-brown, coarse-~ to very coarse
grained; forms a small poorly exposed ledge. . 7

Sandstone, light yellowish-brown. coarse- to very
coarse grained, arkosic. The unit is similar to
uait 7, and forms an irregular slope caipped by
hard ferruginous band. . . . . . . . . . 3

Shale, clay, olive~gray. The lower 5 feet is
slightly purplish weathering, brown, h'gnitic
shale. The unit forms a soft slope. . . 13

Sandstone, light brownish-gray; composed of very
coarse grained to granule-size subangular to
subround quartz and quartzite with abundant
feldspar fragments and lenses of small pebbles.
The cross beds are broad and sweeping. Forms
an irregular, rounded, retreating ledge. The upper
1-2 feet is highly ferruginous. . . . . . . . 36

Sandstone, buff; weathers rusty-brown to red.

Similar to unit 5. Cross bedded, forms ledge.. 27.5

Sar.dstone, buff, has a slight rusty stain. The
sand is fine- to very coarse grained, angular
to subround quartz with a trace of pink chert,
feldspar, and mica. A few clay and quartzite
pebbles are present in the upper half. The unit
is cross bedded, and forms a strong cliff. Some
bedding planes are marked by brown carbonized
leaves and other plant debris. . . . . . . . . 50
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Locality 2 - Continued T} _knes

\ teal
San Jose formation - Continued

Cuba Mesa member (type section), main part - Continued
4. Sandstone, buff to brown, fine-grained; and shaly
siltstone, gray to light olive-gray. Sandstone
and shale are interbedded in beds 1 inch to |
 foot thick. The shale is lignitic. Unit forms a
, nearly-vertical slope. . . . . . . « . . « . 9
3. Sandstone, greenish-gray, light- to dark-brown
weathering. The sand is medium- to coarse-
grained, angular to subround quartz with scme
. '~ pink and black chert fragments, feldspar, and
mica. The unit contains shale pebbles near the
base, and several shale lenses.
Forms a strong ledge. . . . . . . . +« . . . 17.5
2. Sandstone, gray; and interbedded gray and brown
argillaceous siltstone. The unit seems to be a
channel fill. About 20 percent of the unit is
sandstone in beds 1 inch to 1 foot thick. The
siltstone beds contain much lignitized plant
debris. Forms small, irregular ledge. Ero-

sional contact with underlying unit. . . . . . . 4
Total thickness of Cuba Mesa member(including
tongues of the Regina member) 782

Nacimiento formation (in part):
1. Shale, silty clay, olive-gray. Dark-gray
carbonaceous clay is about 12 feet below the
top of the unit. Unit forms soft slope. Erosional
contact withunit 2. . . . . . . , . . .+ . .Not measured

276



Locality 3.

and slopes west of State Highway 112 in the SW 1/4 NE 1/4 sec.
T. 25N., R. 1 E. Base of section is on shale slopes north of U.S.

Forest Service fence.

Units 1-15 measured at locality 3a on hogbacks

3l.

Units 16-56 measured at locality 3b in the

valleys and on the steep escarpment in the SW 1/4 SW 1/4 sec. 31,
T. 25N., R. 1 E.; and the N 1/2 SE 1/4 and the SW 1/4 NE 1/4 sec.
36. Tc 25 No;. R- 1 w- :

Top

San'Jose formation:

Llaves member:

56.

55.

54.
53.
52.

51.

50.

49.

48.

47.

Sandstone, gray to buff, coarse-grained and
conglomeratic; contains some interbedded red
shale, especially in lower half. The unit caps
the highest part of the mesa. The upper beds
probably are equivalent to the persistent medial
sandstone of the Llaves member. Top eroded..

Sandstone, light-gray; very coarse grained to
granule -size quartz with some feldspar. The
unit forms a rounded ledge at the top of the
ridge south of a saddle. . . . Es

Shale, sandy silty clay, reddish- and green- gray.
slope ~forming. £ e e .

Sandstone, buff, fine- to coarse- gramed forms
small ledges.

Shale, silty clay, reddmh and green gray, slope—
forming. . . . . .
Sandstone, light-tan, medmm- to coarse-grained;
contains granules. Shaly sandstone of middle
third of unit causes a break in slope separating

rounded, irregular ledges. . . . . . .
Siltstone, light greenish-~-gray, arg1llaceous,
slope-forming. . . . . « ¢ ¢ 2 ¢ o o o o

Sandstone, tan, fine- to very coarse grained;
contains lenses of pebbles consisting of gray
and purple quartzite. Pebbles are 3-4 inches
in largest dimension. The unit forms strong
multiple ledges. . . . . b % B ow o .

Shale, greenish-gray with a red band near the
base. . . . P ¥ e

Sandstone, tan w1th p1nk18h cast, fine- to coarse-~
grained, arkosic; contains sinall quartzite
pebbles and forms a ledge. § » w w wle

2717

Thickness
{feet)

160z

15
14
10

25

35

10

26

22

22



Locality 3 - Continued Thickness
{feet)
San Jose formation - Continued

Regina member (type section):
46. Shale, silty clay, light-gray. The upper part wea-
thers purplish and contains small lime stone

nodules. The unit forms a slope. . . . . . 30
45. Shale, red; forms a poorly exposed slope. . . 18
44. Sandstone, buff, fine- to coarse-grained; forms

Rmmall ot & @ 5= « « % & s x = B e wre 5
43, Sandstone, buff, fine- to coarse-grained, arkosic;

formesaverfical'bsdge. . : - + = . + . . 20

* 42. Shale, silty clay, greenish-gray and maroon. . 30

41. Shale, silty clay, greenish-gray with rusty-

brown mottling; slope-forming. . . . . . . . 9
40. Shale, silty clay, maroon with greenish-gray

streaks; slape-forming. . . . + . . o« . o 1

Llaves member (tongue):

39. Sandstone, light-gray to buff; locally stained
red by clay washing down from above. The
sandstone is fine- to very coarse grained, and
contains many lenses of granules and small~
pebble conglomerate. Pebbles and granules are
mostly quartzite. Chert fragments and weathered
feldspar are common. Highly irregular stream-
channel cross bedding. Unit forms a massive
vertical ledge. This tongue of the Llaves member
persists to the south where it contains thin lenses
S AEEIE,.. « = & £ 5 & v o6 s ow K s E & ow W 43

Regina member (type section)- Continued
38. Shale, silty clay, light-gray to olive-green;
locally weathers to purplish bands. Unit forms

a steep slope. . . . N T s T 80
37. Shale, silty clay, dull—red A P AR . 11
36. Shale, siltstone, light olive-gray; weathers

parplish. « = « « « & w1 e w N e 7
35. Shale, clay, dull-red weathermg R 4
34. Sandstone, buff, medium-grained . . . 1
33, Shale, silty clay, light-gray. . . . . . . . . 5.5
32. Shale, clay, light-purple. . . . . « « . . + & 2
31. Shale, clay; weathers light-red. . . . . . 3

30. Claystone, gray, mottled brown; forms a 11ght-tan
band. To the north the unit grades into a ledge -

forming sandstcne tongue of the L.laves member.. 13
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Locality 3 - Continued Thickness |
(feet)
San Jose formation - Continued

Regina member (type section) - Continued
29. Shale, argillaceous silt, light-gray. . . . . . 29
28. Sandstone, light yellowish-gray, coarse-
grained; forms a soft yellow band, and con-

tains thin bands of ligniticclay . . . . . .. 7
1. Shale, silbyclay, B8y, . . « o« o+ » s s » + = 14.5
26. Siltstone, brick-red, forms conspicuous band 5
25. Shale, silty clay, light brownish-gray with a

faint purple band near the top. . . . . T 30

24. Shale, silty clay, light-gray; contains a few

lenses of soft, gray, medium- to coarse-

grained sandstone 2-5 feet thick. . . . . . . 1.5
23. Sandstone, buff to light yellow-gray; contains

very coarse grained to granule-size quartz

with feldspar fragments and small clay pebbles.

The unit caps a point on the east end of a small

ridge and lenses out to the west into gray shale.

The unit thickens northward to form a strong

ledge. . . » 8.5
22. Shale, silty clay, pale -tan, gray, and olive-~ gray,

contains thin bands of soft argillaceous sand-

stone and siltstone. Unit forms a steep slope on

an eastward-projecting spur. .- . . 60
21. Sandstone, buff to white, coarse- gramed locally

contains quartzite pebbles as large as 3 inches

in longest dimension. The unit is a channel

deposit locally 8-10 feet thick, and forms a hard

ledge capping a long low cuesta. . . . . . . . 2.5
20. Shale, silty clay, light-gray to light olive-gray;

has two thin bands of purple and red clay, and

forms a slope. . . . 5 20
19. Sandstone, light-gray; composed of very coarse

grained to granule-size quartzite fragments and

some feldspar. The unit is a channel deposit and

forms a small ledge. . . . b WA L
18. Shale, silty clay; upper half is ohve gray, lower

half is light-gray. Unit forms a slope. . . . . 22
Total thickness of main part of Regina member

(including tongue of Llaves member, unit 39). . . 574
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Locality 3 - Continued

San Jose formation - Continued

Cuba Mesa member, upper tongue (Tsc_):

17. Sandstone, light-gray, stalnedixght ~-yellow;
composed of very coarse grained quartz and
quartzite with a trace of feldspar and mica.
Sandstone contains numerous small quartzite

., pebbles and forms a small ledge. - ‘

16. Shale, silty clay, light-gray with light-red a.nd
olive -colored bands; slope-forming . s m

15. Sandstone, buff; weathers light yellowish- brown,
medium-~ to coarse-grained, arkosic. Upper
part contains nume rous large cobbles and pebkbles
of quartzite and schist. Unit forms strong multi-
»ple ledges stepped back along shale lenses
included inr tne sandstone. This sandstone was
traced southward to the locality of measurement
of unit 16.

Regina member, tongue (Tsr):
14. Shale, light greenish-gray and gray; contains 5
or 6 lenses of soft light-gray channel sandstone.
Forms a slope and becomes thinner to the north..
13. Sandstone, light-gray to buff; contains interbedded
shale. « « « »
12. Shale, silty clay, greemsh gray, slope -forming.

Cuba Mesa member, lower tongue (Tsc;):

11. Sandstone, light-gray to buff; weathers yellow-
brown; medium- to coarse-grained, feldspathic.
Sandstone contains thin stringers of small pebbles
and is irregularly bedded. Forms a ledge.

10. Shale, silty clay, light olive-gray; contains thin
sandy lenses, and weathers to a slope. . . . . .

9. Sandstone, light-gray, limonite -stained; medium-
to coarse-grained with a few granules. Upper
half is brown and contains thin clay lenses.
Unit weathers to a slope. . . . . . .
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30

119

29

9

23



Locality 3 - Continued Thickness

(feet)
San Jose formation - Continued
Regina member, tongue (Tsr):
8. Shale, silty clay, greenish-gray; lower 4 feet
weathers dull red. Forms slope. . . . . . 51

Cuba Mesa member, main part (Tsc ):
7. Sandstone, brown to yellov}lsh brown;
contains fine-grained to granule-size quartz
‘and quartzite and some feldspar and scattered
small quartzite pebbles. Concretionary weath-
ering causes brown '"cannonballs'' up to 2 feet
in diameter. Unit forms a strong persistent

ledge. . « « « . " o 27
Total thickness of Cuba Mesa member (mcludmg
tongues of Reginamember). . . . . . . . .« » 355.5

Nacimiento formation (in part):
6. Shale, silty sandy clay, light olive-gray; forms

poorly exposed slope. . . . . . R IR 16
5. Sandstone, light-tan, fine- to medlum -grained,
thin-bedded; forms poorly exposed slope. . . 27

4. Shale, silty clay, dark-gray; slightly bentonitic.
Upper half is brown lignitic sandy shale. Unit

forms a poorly exposed slope. . . . . . . . 26
3. Sandstone, light-tan, fine- to medium-grained,
soft, poorlyexposed. . . . . .« ¢ o o o s @ 24

2. Sandstone, dark rusty-brown, medium- to coarse-
grained; contains stringers of quartzite granules

and small pebbles, and forms a small ledge. . 1
1. Shale, clay, dark-gray; forms a poorly exposed
BIOBE. + & % B = % sk ow v oa e m e s ® W 10+
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Locality 4. Section measured on the eastwar i-projecting spur
of the ridge southwest of Spring Canyon in the N 1/2 sec. 18, T. 25
Nl 9 Ro 1 ‘E-

Top Thickness
(feet)
San Jose formation:

Llaves member (type section of lower part):

‘5'0: Sandstone, light reddish-brown, ccarse-grained;
weathers to a massive rounded blu' caping top
of narrow part of ridge. . . . . . . . i€

49. Sandstone, light yellowish-brown; composed of
medium- to very coarse grained, arkosic, quartz

' sand containing small cobbles of gray to purplish

quartzite. Channel cross bedding. Holds up

narrow ledge. . . . . . . 50
48. Shale, silty clay, gray to ohve weathers red and

contains interbedded red-weathering sandstone.. 35
47. Sandstone, buff, coarse-grained with scattered

granules and small pebbles; forms small ledge. . 3
46. Shale, silty clay, light-gray to olive; weathers

red. Unit contains interbedded thin sandstone.. 14

45. Sandstone, light-brown weathering, coarse- to
very coarse grained; contains numerous lenses
of pebbles as large as 2 inches ir diameter. Unit

jorms s styong ledge. . . . . . . 4 . . . 40
44, Shale, silty clay, red-weathering; contains thm
pandstone BEES. < . 5 v ¢ o o o v o= s mfE s 37

43, Sandstone, light pinkish-brown, fine- to coarse-
grained; forms a ledge on a long narrow spur. . 20
42. Shale, silty sandy clay, light-gray to light olive -
gray; contains thin sandstone beds, and forms

aslope. . . . A e i N 50
41. Sandstone, graylsh yellow, very coarse grained;
contains numerous scattered pebbles . . . 4.5

40. Sandstone, light reddish-gray, fine-grained. Beds
are about 6 inches thick and separated by stringers
of gray shale. Entire unit weathers red and forms

a retreating slope on a small becch. . . . . . 15
39. Sandstone, light yellowish-brown; similar to unit

37. Forms a strong ledge. . . . ; 55
38. Shale, clay, red to gray; and mterbedded shaly

sandstone. Unit forms a notch in cliffs. . . . 30
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Locality 4 - Continued

San Jose forrnation - Continued

(feet)

Llaves member - Continued

3F.

36.

35,
34,

33

32.

31.
30.

29.

28.

27.

26.

25.

Sandstone, light yellowish-brown, fine- to coarse-
grained, arkosic; contains a lens of small-pebble
gravel, and fossil wood impressions. Unit is
cross bedded and forms a strong cliff. . . . 40

Sandstone, light reddish-gray to maroon, fine-

_to medium-grained. Sandstone beds are about
1 foot thick, and are separated by red-weathering
clay shale beds. Unit forms a slope. To the north

this unit grades into hard sandstone. . . . . 33
Shale, silty clay, light olive-gray; forms a slope.. 6
Sandstone, light-brown, medium- to coarse-

grained; forms a small ledge. . . . ; v 9
Shale, sandy siltstone, greenlsh gray, reddlsh—

weathering. « « « « « + .» % : getiy 35

Sandstone, earthy, pale-marocon, fine- to medmm-
grained. 50 feet to the south this unit becomes
massive, yellow, coarse-grained sandstone. . 6

Shale, clay; weathers pale maroon. . . . . . . 12

Sandstone, yellow, coarse-grained; contains
granules of quartz and feldspar, and pebbles and
cobbles of quartzite. Unit is cross bedded and

ledge forming. . . . « » . 14
Shale, silty clay, light-gray to ol1ve gray, weath—
ers pale maroon, and forms a slope. . . . 12

Sandstone, light purplish-brown and red, fine- to
medium-grained, earthy; forms a rounded, 4
irregular ledge. . . . . . ..c..ve 0 . - . 10

Sandstone, buff, fine- to coarse- ralred contains
granules and scattered small pebbles. Unit is |
cross bedded and forms a strong ledge . . . 30

Shale, argillaceous silt and fine-grained sandstone,
greenish-gray, weathers red and forms a slope.

To the south this unit is cut out by channel sand-
stone of the above unit. . . . . . . « « + & 30

Sandstone, reddish-stained, and interbedded
thin reddish shale. Sandstone is fine- to
medium-grained and contains a few small
pebbles. Sandstone beds are 5-12 feet thick
and form retreating ledges separated by notches
weathered in shale. Bedding is irregular and

the sandstones are channel bedded. . . . . . 85
Total thickness of preserved lower part of '
Llaves member. . . . « s « o o & o« o 695.5
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Locality 4

- Continued Thickness

(feet)

San Jose formation - Continued

Cuba Mesa member:

24.

£3.

22.

21.
20.
19.

18.
(i g
16.
15.
14.
13.
i2.

3.
10.

Sandstone, buff, medium- to coarse-grained,

. arkosic; contains lenses of pebbles and, near
the top, scattered cobbles. Forms a strong
BT RRE N i % 5 5w e i e B 4

Shale, siltston e, claystone, and verv live
grained sandstone, reddish-and greenish grz
Forms a slope. o B s :

Sandstone, gray to reddxsh purple medium- to
*very coarse grained, arkosic. Contains large
pebbles and small cobbles which are mostly
quartzite. Some pebbles are feldspar, and
volcanic rocks. Channel cross bedded. Forms

Ramnenive BN .« i & 5 = s s 4 = s e s 6 39
Covered. . . ;i - e 2 S 10
Shale, silty clay, dark gray, slope form1ng B 25

Sandstone, gray to light purplish-gray, very

coarse grained; contains pebbles and is cross

bedded. Forms a rounded ledge. . . . . . . 40
Sandstone, olive-gray, fine- to medium-grained,

slope -forming. " 5 -
Sandstone, ball, arkosic . . . « . + « « » « & 2
Shale, clay, gray. . . . . S e 4
Sandstone, olive-~green, shaly, forms poorly exposed

slope. - = & & « . 7
Shale, clay, siltstone; and sandstone, green to

pale-purplish. Forms a soft slope. . . 19
Sandstone, buff to greenish-gray, thin- to shaly—

bedded; forms a soft slope. . . . . . 7
Sandstone, buff; forms soft, retreating ledges 8
Sandstone, medium-grained; forms a small ledge. 3
Shale, silty, argillaceous, sandy, greenish-gray;

forms aslope. « + + .« . R L S T 9

Sandstone, yellowish-gray, fme- to very coarse
grained, arkosic; contains pebbles of quartz,
quartzite, feldspar, and volcanic rock. Forms
BIEARE. o« & % B % v« ¥ F 8 b 4 @ ow ow W s 18

Sandstone, yellow-gray, fine- to very coarse grained,
arkosic; contains lenses of granules and small peb-
bles. Channel cross bedded. Forms a massive
IEGIRE. o & & & % v & » o v 5 F'A @ wn B % 22

Total thickness of Cuba Mesa member. . . . . 334.5
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Locality 4 - Continued Thickness
{feet)
Nacimiento formation (in part):
7. Sandstone, yellow to buff, fine-grained,
argillaceous; forme anotch. . . « . « & » o+ s 8
6. Shale, siltstone and clay, gray; slope-forming . . 12
5. Sandstone, olive-green, fine-graired, soft;

ghaly-bedded., « « « « « « « &« o« = o & » 7
4. Sandstone, similar to unit 2. Base of unit is a

small ledge, upper part is a soft slope. . . . . 15
3. Shale, sandy clay, olive-green; slope-forming . . 18
‘2. Sandstone, olive-green, fine-grained; forms a

small ledge and grades into averlying unit. . . 9

1. Sandstone, yellowish-gray, medium- to very
coarse grained; contains lenses of pebbles,
and lenses of gray clay shale. Irregular
cross bedding. Forms aledge. . . . . . . . 40

Locality 5. Section measured on a ridge on the northern side
of Canyoncito de las Yeguas east of Pasture Canyon, from the SW 1/4
sec. 4, T. 25 N., R. 1 W. to the center of sec. 33, T. 26 N., R. 1 W,

Top Thickness
(feet)

San Jose formation:

Llaves member (type section of upper part):

Sandstone, buff, gray, brown, and red, fine- to
very coarse grained, arkcsic, conglomeratic;
contains beds of red and gray silty clay shale, but
is mostly sandstone. Lowest part of the unit is buff,
massive, ledge-forming sandstone containing some
shale, and about 120 feet thick, Above this is red
shale with thin interbeds of sandstone about 70 feet
thick and mapped as a tongue of the Tacipitos mem-
ber. Above this is brown and red, thin- to thick-
bedded, ledge-forming sandstone with thin interbeds of
red shale. The upper part of the unit contains several
thick beds of shaly, soft, red sandstone. . . . 450+

, The lower part of the basal sandstone of this unit probably is
nearly equivalent to units 49-50 of the Llaves member at locality 4.
West of locality 5 near the Continental Divide are more sandstone and
shale beds of the Llaves member. These highest beds of the member

are estimated to be about 150 feet thick.
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Locality 6. Stratigraphic section modified slightly £ m 1
section measured by Simpson (1948, p. 370-371) near the head of

north branch of Oso Canyon.
section (no.

1) measured east of the Wayne Hatley ranch. The lo

e

Figure 3 of Simpson (1948) shows this
cality

appears to be in sec. 30, T. 25 N., R. 1 W. The rocks were con-~
sidered to be characteristic of the ""Largo facies'" by Simpson,

Top

Thickness

(

. San Jose formation:

Tapicitos member, lower part (typical exposures):

13

12.
11.
10.

~N

Sandstone, buff, massive in appearance but cross
bedded, hard, bench-forming. Top eroded. On
an adjacent peak about 50 feet more of similar
beds are present. These highest beds probably
are nearly equivalent to the tongue of the Llaves
member near the middle of the Tapicitos member
along State Highway 95 in sec. 2, T. 25 N.,

R Z2Ws v 5w IR SR 5 e
Clay, banded, red SN 5 s e
Sandstone, like unit 13. . . . . R SN
Clay and sandy clay, bright-red, in regularly
alternating heds. . . . . . « . ¢« . . .
Sandstone, local lens wedging out in a few feet
laterally. « « - O .

Clay, red, massive but shghtly banded
Sandstone, soft; wedges out laterally.
Clay, red, banded, with buff sandstone lenses

in the upper part., . . . o - o
Sandstone, light-gray, hard, Cross- bedded
persistent. . . o e

Clay, red, barnded; blulsh or greemsh gray spots
and lenses. Reddish siltstone and very fine
grained sandstone interbedded. American Museum
of Natural History fossil mammal quarry, locality
150, is 13.5 feet above base of this unit.

Sandstone, white; soft except for occasional plates
weathering hard and brown. .

Clay, variegated; mottled purplish and yellow :

Clay, red. .

Total thickness of Tap101tos member preserved
at this locality. . . . . .

feet)

15
15
15

40

80

12

251

Base of hill; lower beds covered by slopewash. Unit 1 is about
25-50 feet above the base of the Tapicitos member and the top of the
persistent medial sandstone of the Llaves member.
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