
T - 3552

CHARACTERISTICS AND ORIGIN OF STRUCTURAL FEATURES 
OF THE CENTRAL EASTERN FLANK AND THE WALNUT CANYON AREA 
IN THE FRA CRISTOBAL RANGE, SOUTH-CENTRAL NEW MEXICO

Laura Stager Foulk 
1990



ProQuest Number: 10783008

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest

ProQuest 10783008

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106 -  1346



T-3552

A thesis submitted to the Faculty and the Board of Trustees 
of the Colorado School of Mines in partial fulfillment of the 
requirements of the degree of Master of Science (Geology).

Golden, Colorado 
Date: J - ? -  ?/

Golden, Colorado 
Date : /  V

Signed: _ J
Laiyira Stager Foulk

Approved :
Eric P. Nelson 
Thesis Advisor

6 7Dr. Samuel S. Adams 
Department Head 
Department of Geology and 
Geological Engineering

ii



T-3552

ABSTRACT

The Fra Cristobal Range, south-central New Mexico, expos
es a variety of deformational styles including high-angle 
and low-angle normal faults, thrust faults and folds, and 
gravity slide blocks. Deformation occurs in various loca
tions throughout the range. This work concentrated on the 
eastern flank and structurally similar areas. Deformation 
on the eastern flank affects the Permian through Eocene 
strata and the Permian strata have been deformed in multiple 
episodes.

Compressional deformation includes disharmonie and over
turned folds and thrust faults within the Permian Yeso 
Formation Meseta Blanca member and subhorizontal Permian 
strata thrust over a vertical to overturned section of 
Cretaceous strata. Correlating the deformation regionally, 
the fold geometry of the Meseta Blanca member is similar to 
the thin-skinned Laramide structures in the western portion 
of the range; the overturned fold structure is similar to 
the eastern Caballo Mountains, directly south of the Fra 
Cristobal Range.

Extensional structures include high- and low-angle normal 
faults, brecciation, and silicification. The low-angle 
faulting is limited to the Permian Abo Formation and is
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expressed along bedding plane shears. The high-angle normal 
faulting on the eastern flank is associated with the Rio 
Grande rift extension, correlating to range bounding fault
ing on the western flank of the range.

Detached blocks of Permian strata found on the eastern 
flank are gravity slide blocks whose movement may have been 
caused by Rio Grande rift extension. Local silicification 
has aided in the preservation of the blocks.

Other associated features found within the range include 
at least two gravity slide blocks in the Walnut Canyon area 
and at least one block of Permian strata caught up in the 
western range bounding fault associated with brecciation, 
silicification and fracturing similar in style to the east
ern range gravity slide blocks.

Timing constraints on deformation are limited and in
clude: correlation of compressional style to the Laramide, 
association of extensional features with similar Rio Grande 
rifting features regionally, Eocene conglomerate indicating 
a pre-Eocene positive element, and late Tertiary basalt 
flows in the area unconformable with the underlying Eocene 
strata. Eocene strata with clasts of rocks in the thrust 
plate are tilted and contain en echelon fractures and pres
sure solution features. The tilting is speculated to be 
part of the range block rotation during regional Rio Grande 
rift extension.
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INTRODUCTION

The Fra Cristobal Range, located in south-central New 
Mexico, is a north-trending, east-tilted horst along the 
eastern margin of the Rio Grande rift (figure 1). Bounded by 
the West Vein/Hot Springs fault on the west, and the Fra 
Cristobal fault on the east, the range exposes both compres
sional and extensional structural styles developed during 
several periods of deformation. The eastern portion of the 
range exposes evidence of Laramide (late Cretaceous/early 
Tertiary) and Rio Grande rift (mid-to-late Tertiary) defor
mation (Nelson, 1986). The associated deformational styles 
are: compressional folding and thrust faulting, and exten
sional high-angle normal faulting, respectively. Laramide 
and Rio Grande rift deformation also are found in the west
ern portion of the range. Additionally, detachment blocks 
and associated deformation due to gravity sliding are found 
on the eastern flank.
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Objective

The initial objective of the research was to map and 
structurally analyze the low-angle normal faults, high-angle 
normal faults, and detachment blocks in the Fra Cristobal 
Range to determine their geometry, kinematic history, and 
relation to extensional tectonism in the region. Previously 
unrecognized compressional features were discovered during 
field investigation and were subsequently added to the 
study.

Mapping and detailed field study were concentrated in 
the regions characterized by detachment blocks which are 
mainly on the eastern flank. The features studied are: 1) a 
series of fault-bounded blocks of late Paleozoic strata on 
the eastern flank of the range, 2) two fault-bounded blocks 
in the Walnut Canyon area, one containing late Paleozoic 
strata, one containing late Mesozoic/early Cenozoic strata, 
and 3) an isolated block of late Paleozoic strata on the 
western flank (figure 2).

Regional Geographic and Geologic Setting

The Fra Cristobal Range is bounded by the Jornada del 
Muerto valley on the east, and Engle Valley and the Rio
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Grande River (Elephant Butte Reservoir) on the west (figure
1). Approximately 24 km long and up to 5 km wide, the range 
is highest on the western flank where elevations reach 
approximately 1,500 to 2,045 m.

The range lies in T. 10-11 S. and R. 3 W. within the 
Pedro Armendaris Grants No. 33 and 34. Owned by Oppenheimer 
Industries, Kansas City, Missouri, the land is accessed with 
permission only. Mineral rights are owned by Tenneco Miner
als, A Tenneco Company, Lakewood, Colorado. Access to the 
study area was via a dirt road which heads west from Deep 
Well Ranch station and crosses the Fra Cristobal Range via 
Red Gap.

The region was part of the North American cratonic 
platform during the Paleozoic, although some evidence of the 
Ancestral Rockies orogenic event may be present. During the 
early Mesozoic the range was a positive element, but by late 
Mesozoic it received continental, near-shore and marine 
sediments. Uplift and subsidence during the late Cretaceous 
to early Tertiary Laramide orogeny are recorded in the 
region by both structures and strata. To the west the Datil 
Mogollan volcanic province was developing. During the 
Cenozoic, the range was affected by extensional deformation 
during the formation of the Basin and Range province and the 
Rio Grande rift. The extensional tectonism, at times accom
panied by basaltic volcanism, began +/- 35 Ma and continues
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to the present. Recent activity is evidenced by offset of 
basalt flows which are probably less than 1 million years 
old (Warren, 1978), and by fracture of Interstate 25 between 
the Fra Cristobal Range and the Chupadera Mountains (Van 
Allen, 1983). Today the area lies along the Rio Grande rift 
but is transitional to the Basin and Range province to the 
west.

Previous work

Following some very old observations in the range (e. 
g. Shumard (1859), Barton (1922, 1925) and Harley (1934)), 
portions of the Fra Cristobal Range have been mapped at the 
reconnaissance scale by Master of Science students from the 
University of New Mexico. The southern portion by Thompson 
(1955), the west-central portion by Jacobs (1956), and the 
northern portion by McCleary (1960). The entire range was 
mapped by Cserna (1956) for a Doctor of Philosophy disserta
tion at Columbia University. Warren (1978) mapped part of 
the range and the Engle Valley describing the Quaternary 
rift-related volcanic rocks. A detailed stratigraphie and 
structural study of the Caballo Mountains, directly south of 
the Fra Cristobal Range, was done in 1952 by Kelley and 
Silver.
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In 1982, Van Allen, Emmons, and Hunter mapped parts of 
the Fra Cristobal Range and supervised a drilling program 
for Tenneco Minerals. Only part of this work has been 
published (Van Allen et al., 1984) but access to the inter
nal document was available for this study.

More detailed work on the structure of the western 
flank has been done recently by Master of Science students 
at Colorado School of Mines under the direction of Dr. Eric 
Nelson: Chapin (1986), Hargett (in preparation) and Hunter
(1986). Portions of their research were presented during a 
New Mexico Geological Society Field Conference in 1986 and 
subsequently published by Nelson and Hunter (1986), Chapin 
and Nelson (1986) and Nelson (1986).

Extensional features in the range have not been studied 
in detail. Normal faults have been recognized previous to 
this study, but not studied or necessarily even mapped.
This study was conducted to address this deficiency.

Methods

The structure of a portion of the eastern flank of the 
Fra Cristobal Range was mapped on air photos and topographic 
maps using both 1:12,000 and 1:6000 scales (plates I and
II). A portion of the Walnut Canyon area was mapped at



T - 3552 8

1:6000 scale (plate III). Areas of other reported exten
sional features also were investigated. The units mapped 
ranged from early Permian to mid Tertiary, probably Eocene. 
Attitudes of the formations, slickenlines, slickensides, 
brecciation, joint sets, silicification, vein offsets, 
pressure solution, extension fractures, and distribution of 
barite, were used in this analysis.

Fault orientation and slickenline data were plotted on 
stereonets as planes and poles to analyze the stress fields 
under which the faulting occurred. Other indicators of 
extension direction such as extension fractures and joints, 
also were plotted and analyzed using the stereonet method. 
Bedding planes also were plotted for comparison.

Thin sections from 16 samples of deformed Permian rock 
were studied. Samples exhibiting brecciation, silicifica
tion, and fracturing were examined. The thin sections 
revealed a minimal amount of structural information; howev
er, mineralogical information was obtained.

GENERAL GEOLOGY OF THE FRA CRISTOBAL RANGE

Precambrian crystalline rocks, and Paleozoic through 
early Tertiary strata are exposed due to the overall south-
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ern structural dip of the range and to fault and fold struc
tures (figure 3). The Paleozoic column is not complete: 
Devonian, Silurian and Mississippian strata have not been 
recognized in the range (figure 4). Mesozoic formations are 
restricted to the Cretaceous; no Jurassic and Triassic 
deposits are known. Late Cretaceous / early Tertiary depos
its are exposed in isolated areas. Quaternary basalt flows 
and alluvial rift fill are the youngest strata in the area, 
located along the margin of the rift and in the adjacent 
valleys.

Stratigraphy

The region studied exposes Permian and younger strata. 
Three Permian formations were studied and mapped on the east 
flank of the range: Abo, Yeso, and San Andres. The local 
stratigraphie column is illustrated in figure 5. The Abo 
Formation of Wolfcampanian age, is overlain by the Leonard- 
ian Yeso Formation, which is then overlain by the Leonardian 
San Andres Formation (Kelley and Silver, 1952).

The Yeso Formation is subdivided into four members : 
Meseta Blanca, Los Vallos, Canas, and Joyita (Van Allen et 
al., 1983). The San Andres Formation contains a sandstone 
member, the Glorieta sandstone, which, although referred to
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QUATERNARY (Qal)

E0CENE(?) (E(?))
Red sdy s1st interbdd with cgi.

MCRAE FORMATION (TKm)
Arkosic gwke, interbdd with s1st, whitish tuff, tuffaceous ss, and 
rounded pbl cgi with a yellowish-brown matrix.

CRETACEOUS-UNDIFFERENTIATED (Ku)
White to tan fine to medium ss, interbdd w/black shales, crossbed
ded.

SAN ANDRES FORMATION (Psa)
Gray limestone, locally dolomitic, sandy or cherty. Glorieta Sand
stone Member (Psag) resistant qtz. ss.

YESO FORMATION (Py)
Joyita Member (Pyj): orange to red, thin bdd, fine gr ss. Canas 
Member (Pyc): gypsum, anhydrite interbdd with marine Is. Los 
Vallos Member (Pyl): It to med gray, med-bdd Is, interbdd with ss. 
Transitional Member (Pyt): red to tan ss. interbdd with It gray 
Is. with gypsum and dolomite. Meseta Blanca Member (Pym): It. 
reddish-brown to pale green thin- to med-bdd slst, and fine-gn ss,
ripple marks and salt casts near base.

ABO FORMATION (Pa)
Deep red to purplish-brown, thin- to med-bdd sh, slst, fine-gn ss,
ls-pbl cgl, cross beds, ripple marks, scour-fill and reptile
tracks.

MAGDALENA GROUP OPm)
Bar B Fm OPmb): gray sh and thin- to med-bdd Is. Nakaye Fm. QPrnn): 
med to dk gray, thick-bdd Is interbdd with thin- to med-bdd 
clayey, nodular Is and sh. Red Horse Fm. QPmr): med to dk gray, 
thin-bdd Is interbdd with sh.

MONTOYA GROUP (Cable Canyon Sandstone)(Om)
White, gray, and brown, well-sorted, med- to crs-gn qtz ss, 
commonly brecciated and silicified.

EL PASO GROUP (Oep)
Bat Cave Fm (Oepb): thin-to med-bdd. It gray Is below med- to 
thick-bdd, gray Is and dolo Is, collapse breccias near top. 
Siejrite Ls (Oeps): thin-bdd, med to dk gray Is and red sh.

BLISS SANDSTONE (OCb)
Upper: greenish-brown slst, ss and thin-bdd, dk gray Is. Middle: 
dk purple, med to crs-gn, hematitic, qtz ss, locally trough cross 
bdd. Lower: white, locally cgl, qtzose and arkosic ss, trace 
fossils.

PRECAMBRIAN GRANITE AND SCHIST (Peg)
Reddish-brown weathering, massive to slightly foliated, med- to 
crs-gn, granite with amphibolite schist and gneiss inclusions, 
aplite and pegmatite dikes.

Figure 4. General stratigraphie column of the Fra Cristobal
Range (from Nelson, 1986).
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black shales, crossbedded.
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sandy or cherty. Locally silicified with jasperoid 
textures & strong fracture patterns.

Glorieta Sandstone Member (Psag) calc, cemented, 
well-sorted, resistant qtz. ss. Locally silici
fied.

YESO FORMATION (Py)

Jovita Member (Pyj): tan orange to red, thin bdd 
to finely laminated, fg to vfg ss.

Canas Member (Pyc): white to black gypsum, anhy
drite interbdd with marine Is.

Los Vallos Member (Pyl): It to med grey to brown, 
med-bdd Is, interbdd with ss.

Transitional Member (Pyt): red to tan ss. interbdd 
with It grey Is. with gypsum and dolomite. Inter
bdd qtz to carbonate, black to white zebra layer, 
locally silicified.

Meseta Blanca Member (Pym): It. reddish-brown to 
pale green thin- to med-bdd slst, and fg ss, 
ripple marks and salt casts near base.

ABO FORMATION (Pa)
Deep red to purplish-brown, thin- to med-bdd sh, 
slst, fg ss, ls-pbl cgl, cross beds, ripple marks, 
scour-fill, reptile tracks and mud cracks.

Figure 5. Local stratigraphie column for the eastern flank
of the Fra Cristobal Range with relative thicknesses.
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as a separate formation in certain literature (Needam and 
Bates, 1943) , is considered a member of the San Andres 
Formation by the United States Geological Survey (Kottlow- 
ski, 1956). Cretaceous and Eocene (?) strata were discovered 
and mapped east of the range in the Jornada del Muerto.

A description of the Permian section in the Fra Cristo
bal range is given by Nelson (1986). The following descrip
tions detail the specific features and distinguishing char
acteristics used during this study in identification of each 
unit when mapping.

Permian Abo Formation

The Abo Formation is an sequence of alternating fine
grained sandstone, siltstone, and shale. The unit is thin- 
to medium-bedded and locally laminated. The shale is varie
gated red to green. The unit is best identified by its 
sedimentary structures including ripple marks and mud cracks 
(figure 6), its "pottery sound" when stepped on due to being 
well cemented, and its deep red color.

Permian Yeso Formation

The Meseta Blanca member of the Permian Yeso is a 
pinkish-red-brown to light-green, fine- to very fine-



Figure 6. Permian Abo Formation mud cracks.

Figure 7. Permian Yeso Formation Meseta Blanca member salt 
casts.
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grained, well sorted, sandstone to siltstone. It lies 
conformably on the Abo with the contact locally marked by a 
layer containing salt casts. The salt casts, from 5 mm to 
14 cm across, are distinct to the Meseta Blanca member 
(figure 7). Salt cast up to 25 cm across have been reported 
by Nelson (1986) in the western portion of the range.

The contact between the Meseta Blanca and the Los 
Vallos members is gradational, and in the eastern portion of 
the range a transitional unit was identified. The tran
sitional unit is similar to the Torres member of the Yeso 
Formation which is described by Kottlowski et al. (1956) in 
the San Andres Mountains, east of the Fra Cristobal Range. 
The Torres is described as interbedded gypsum, arenaceous to 
argillaceous limestone, light-red to grayish-orange friable 
sandstone and light-gray sandy calcareous siltstone. The 
transitional unit found in the study area contains many 
interbedded sandstones, gypsum, siltstones, and dolomitic 
and lime mudstones, with the sandstones concentrated in the 
lower portion of the unit. A zebra layer of alternating 
white to black, quartz to carbonate layers is contained 
within the transitional zone. The layer was locally silici- 
fied, and part of its zebra nature may be due to open space 
filling. This is discussed in more detail in the Eastern 
Flank Extensional features silicification section. The 
transitional zone is up to 20 m thick.
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The Los Vallos member of the Yeso Formation consists of 
bedded, brown to grey limestone, intercalated with sand
stones. The member locally contains gypsum and anhydrite. 
Fossils are not prominent in the member, but small brachio- 
pods were found.

The Canas member of the Permian Yeso is a white to 
black gypsum unit containing scattered limestone and sand
stone beds (figure 8). The lower contact is placed at the 
base of the lowermost gypsum unit. It forms the slope below 
the cliffs of the San Andres Formation.

The Joyita member of the Yeso Formation is a whitish- 
tan to red, fine- to very fine-grained, thinly-bedded to 
finely-laminated, sandstone with sparsely interbedded lime
stone. It usually is poorly cemented.

Permian San Andres Formation

The Glorieta sandstone member, at the base of the 
Permian San Andres Formation, is a massive white to tan, 
medium-grained, calcareously cemented sandstone. It is well 
sorted, well rounded, and weathers as a blocky unit. Sili
cification enhances its cross-bedded appearance.

The San Andres Formation consists of lime packstone to 
grainstone, and is a cliff forming, black to grey unit. The 
characteristic fossil assemblage includes gastropods and
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Permian Yeso Formation Canas member gypsum

Figure 9. Permian San Andres Formation fracture pattern.
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brachiopods. The San Andres Formation commonly develops a 
distinct chaotic fracture pattern where fractured (figure 
9) .

Undifferentiated Cretaceous Units

Cretaceous units were mapped east of the exposed Perm
ian section, east of the range margin. The Cretaceous 
section was briefly reported by Van Allen et al. (1986) on a 
Tenneco compilation map; however, the true extent of the 
Cretaceous section was not mapped. The present study did 
not concentrate on the Cretaceous stratigraphy of the area, 
and therefore the Cretaceous was noted and mapped without 
differentiating into formations or members, although the 
Mesaverde, Dakota, and Mancos Formations are suspected to be 
present.

Tertiary/Cretaceous McRae Formation

A late Cretaceous/early Tertiary sandstone unit, re
ferred to and described by Hunter (1986) as the Walnut 
Canyon beds of the McRae Formation, was mapped in the Walnut 
Canyon area (figure 2). The McRae Formation is primarily a 
volcanogenic sandstone of fluvial origin and contains light 
reddish-brown to light olive, medium- to very coarse-grained
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arkosic graywacke interbedded with siltstone, whitish tuff, 
and tuffaceous sandstone. Local conglomeratic beds contain 
clasts of granite and basaltic andésite. Petrified wood, 
including logs up to 3 m in length, is contained in the 
unit.

Tertiary Strata

A previously unmapped unit of conglomerate, interbedded 
with red fine-grained sandstone was found stratigraphically 
overlying the Cretaceous. Clasts of arkose and petrified 
wood in the conglomerate were derived from the McRae Forma
tion, the unit must, therefore, be post-McRae in age. 
Comparison of the unit to literature on the surrounding area 
reveals similarities to the Love Ranch Formation of Kottlow
ski et al. (1956) and Seager et al. (1986). On the basis of 
the conglomeratic character, the inclusion of clasts of 
McRae Formation and San Andres Formation, and the red fine
grained sandstone beds, the unit in the Fra Cristobal Range 
is tentatively correlated to the Love Ranch Formation, which 
is Eocene in age.

Structure
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Multiple episodes of deformation have effected the 
range. The earliest evidence of deformation is ductilely 
formed lineations and foliations in Precambrian rocks. 
Paleozoic epeirogenic movements are expressed stratigraphic
ally by erosional contacts which progressively cut out the 
lower Paleozoic units from south to north. A local angular 
unconformity between the Pennsylvanian Magdalena Formation 
and Permian Abo Formation in the center of the range (figure 
2) probably records late Paleozoic Ancestral Rockies defor
mation (E. Nelson, personal communication, 1987). Laramide 
tectonic activity is expressed by two different deforma- 
tional styles: thick-skinned and thin-skinned. Vertical to
overturned strata in a basement-cored uplift in the west- 
central portion of the range reflect thick-skinned deforma
tion (Chapin and Nelson, 1986). Thin-skinned deformation of 
Permian strata, recognized by Nelson and Hunter (1986), 
involves decollement style thrusting and associated box, 
disharmonie and parasitic folding in the Meseta Blanca 
member of the Yeso Formation. Laramide deformational struc
tures are well studied on the western flank, but were first 
recognized on the eastern flank in this study (described 
later). Tertiary/Quaternary extensional deformation is seen 
in the range in the form of high- and low-angle normal 
faults and related features.
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Models of Extensional Deformation

Extensional tectonic styles of rift zones and halted 
rift zones have been studied worldwide. In the western 
United States, the Rio Grande rift is a halted continental 
rift zone. The Rio Grande rift has been characterized 
geophysically using seismic studies, magnetic studies, and 
Bouguer gravity studies (Reicker, 1978). Regional studies 
of the associated volcanic rocks help to date the active 
magmatic stages of the halted rift (Elston and Bornhorst, 
1979) .

Nearby Basin and Range province extension also has been 
studied in detail. Anderson (1971) first recognized the 
importance of low-angle faulting in crustal extension. 
Wernicke (1981) and Wernicke and Burchfiel (1982) first 
presented a model of low-angle detachment domino faulting to 
explain the brittle and ductile variations of the crustal 
strain in the Basin and Range province (figure 10-A). The 
domino style requires recognition of rotated fault surfaces. 
Studies of the metamorphic core complexes in Arizona and 
Nevada have documented other geometries of extensional, low- 
angle faulting (Coney, 1980; Davis, 1980; Rehrig and Reyn
olds, 1980; Axen, 1986; Gaudemer and Tapponnier, 1987).
Other studies stress kinematic expression (Dokka, 1986) and
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B

A) Wernicke and Burchf iel's (1981) model, a family of tilting planar fault blocks bounded by 
a listric fault. The faulting style been termed domino-style low*angle faulting.

B) Regional application of domino-style faulting applied by Chamberlin (1983) to the Lemitar 
Mountains, north-east of the Fra Cristobal Mountains. After about 30° of rotation, original domino 
faults are no longer in a favorable orientation for further deformation, thus the creation of a second 
set of domino faults.

Figure 10. Extensional low-angle domino-style fault models.



T - 3552 23

the nature of shear of the low-angle normal faulting (Reh
rig, 1986).

Low-angle detachment faulting along the Rio Grande rift 
has been mapped and modeled by Chamberlin (1983) in the 
Lemitar Mountains, Socorro County, New Mexico ; domino-style 
normal faulting was used to explain the present structure at 
that location. As discussed by Chamberlin (1983), Morton 
and Black (1975) present a hypothetical model of the pro
gressive crustal attenuation in the Afar depression of 
Ethiopia in which after about 30° of rotation, original 
domino faults are no longer in a favorable orientation for 
displacement as gravity shears. A second set of high-angle 
domino faults, coaxially superimposed on the first set must 
develop for continued crustal extension. Chamberlin equates 
the cross section in figure 10-B to progressive domino-style 
crustal extension in the Socorro area of the Rio Grande 
rift.

Studies (Eaton, 1979; Morgan et al., 1986) of the 
change in geologic expression of the Rio Grande rift through 
time have revealed extensional features characteristic of 
early and/or late rifting. The characteristics are summa
rized in Table 1. Chamberlin (1983) and Morgan et al.
(1986) proposed that development of Rio Grande rift faulting 
can be characterized by an early episode of low-angle normal 
faulting, followed by a later episode of high-angle normal
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Table 1. —  Southern Rio Grande rift deformation stages; 
chronological summary of crustal extension 
[from Eaton, 1979; Morgan et al., 1986].

APPROXIMATE
AGE

TECTONIC
SETTING

STRUCTURE
STYLE

VOLCANISM

10 ma. 
to present

Behind the 
growing 
transform 
boundary

Uplift and 
high-angle 
block faulting 
E-W extension

Alkalic
olivine
basalt

18 - 10 ma. Behind calc- alkalic 
volcanic 
arc

Less vigorous 
tectonism - 
horst and 
graben style

Magmatic
lull

30 - 18 ma. Within calc- 
alkalic 
volcanic 
arc

Broad basins Basaltic 
Closely spaced andésites 
low-angle normal and high 
faults and fault silica 
block rotation ash flows 
NE-SW extension
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faulting.

STRUCTURE OF THE CENTRAL EASTERN FLANK

The central eastern flank of the range exposes both 
compressional, extensional and gravity structures. The 
overall structure is characterized by subhorizontal Permian 
strata in the upper plate of a Laramide(?) thrust and steep
ly-dipping Cretaceous strata in the lower plate. Detached 
blocks of Permian strata lie in a north-trending belt at the 
edge of the range.

Multiple episodes of deformation, including thrusting, 
folding, high- and low-angle normal faulting, and gravity 
sliding have produced the current topography. Mesoscopic 
structures recognized include folds, slickensides, slicken- 
lines, filled and unfilled extension fractures, and joints. 
Other features observed were pressure solution features, 
brecciation, silicification, and various fracture patterns. 
Previous workers describe the eastern flank as bounded by a 
covered high-angle normal fault with large throw, the Fra 
Cristobal fault, related to Rio Grande rift extension. The 
Fra Cristobal fault was proposed to be similar to the Hot 
Springs/West Vein fault which bounds the western flank of
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the range. Current mapping has revealed formations and 
structures which restrict the location and throw of a high- 
angle normal fault.

Compressional Features

Mapping in the study area revealed expressions of 
compressional structures not previously recognized on the 
eastern flank, although some Laramide structures were ex
pected (Nelson, 1987 personal communication). Compressional 
structures identified by this study include: disharmonie and 
overturned folds and thrust faults within the Meseta Blanca 
member, and flat lying Permian strata which dip steeply into 
overturned Cretaceous strata.

Compressional Folds

Folds recognized within the Meseta Blanca member are 
characterized by decollement surfaces both above and below 
the folded section resulting in an intensely folded section 
bounded by unfolded or, as in this case, more gently folded 
layers (figure 11). This style is characteristic of the 
thin-skinned deformation such as described on the western 
portion of the range in the same strata (Nelson, 1986) .
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???

cover

Figure 11. East vergent compressional folding within the 
Meseta Blanca member.
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Figure 12 locates the eastern folding. Folds exhibit iso
clinal , parasitic, box, and disharmonie geometries. The 
folds are east vergent and are similar to those found by 
Nelson and Hunter (1986) in the Walnut Canyon area. They 
are thought to be of the same origin, from east-west com
pressional deformation which took place during the Laramide 
orogeny.

Thrust Faults

Cretaceous sedimentary rocks were found steeply dipping 
to the southeast, or overturned to the northwest, with the 
dip angle becoming shallower to the east (figure 13). These 
beds are overlain by subhorizontal Meseta Blanca member 
which dips steeply into a fault contact. To obtain the 
observed older over younger relationship two options are 
proposed: either a reverse fault, or a large-scale fold as
the result of basement-block thrust-faulting with later 
extensional low-angle faulting (figure 14). A reverse 
fault, as a result of compression during the Laramide, is 
proposed. The reverse fault would place subhorizontal upper 
plate over vertical to overturned lower plate. This geome
try is similar to that first proposed by Kelley and Silver 
(1952) and later supported by Seager et al. (1986) for the 
vertical to overturned Permian and Cretaceous strata east of
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Figure 12. Map of the eastern flank detached Permian blocks 
(southeastern study location, figure 2) locating the com
pressional features.
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Figure 13. Schematic drawing of the compressional fold/fault 
structure on the eastern flank. Not to scale.
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reverse fault

K = Cretaceous
UP = Upper Paleozoic, Permian 

strata
LP = Lower Paleozoic, through 

Pennsylvanian strata 
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A- Reverse fault during Laramide compression.
B- (1) Fault propagated fold during Laramide compression

(2) followed by low-angle extension during Rio Grande rifting.

Figure 14. Alternate models to place subhorizontal Permian
Meseta Blanca member over vertical to overturned Cretaceous.



T - 3552 32

the Caballo Mountains which lie directly south of the Fra 
Cristobal range. The style is seen in the cross sections D 
- D' and E - E 1 of Seager et al. (1986) (figure 15).

Extensional Features

The detached blocks of Permian San Andres strata are 
the most obvious structures on the eastern flank. Prior to 
this study they had not been studied or mapped in detail. 
Mapping has revealed two distinct structural styles inter
preted to be associated with development of the Basin and 
Range province and the Rio Grande rift. Extensional struc
tures include high- and low-angle normal faults, breccia
tion, and silicification.

Low-angle Fault within the Abo Formation

A very low-angle fault (approximately 4° dip) is pres
ent within the Abo Formation on the eastern portion of the 
range (figure 2). The fault is subparallel to a bedding 
plane and the amount of displacement therefore impossible to 
determine. A small graben block, 2 m wide with an offset of 
0.5 m (figure 16), is associated with the fault and is 
indicative of extension. Secondary to the fault is an
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Geologic map and cross sections of 
southeastern Caballo Mountains 
LP=pre-Devoni an lower Paleozoic 
rocks; D=Percha Sh; Py*Yeso Fm; 
Ps*San Andres Fm; Kd=Oakota Ss; 
K*undi fferent i ated Cretaceous 
rocks; Tr*Tertiary rhyolite dike;
Tb*Tertiary basaltic-andesite 
dikes; 0=0uaternary rocks and 
sediments

107 06'

p» ( p.soco-

KXXll

 ’tiylpr R i « *
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Figure 15. Map and cross sections of the southern Caballo 
Mountains, 20 km southwest of the Fra Cristobal Mountains
(Seager et al., 1986).
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extensive joint set. Bedding plane shears are developed in 
the silty green Abo beds which appear to have concentrated 
most of the shearing. Slickenlines on the upper plate of 
the fault indicate movement in a southeast-northwest trend. 
Similar joint sets were found farther up the arroyo and in 
the arroyo to the north. Stereonet statistical analysis of 
the joint sets (figure 17) reveals a conjugate system which 
is interpreted as either north-south compression or east- 
west extension. Movement to the southeast-northwest and the 
associated graben block indicate extension consistent with 
the extension direction during the Rio Grande rifting.

Detached gravity slide blocks

In the allochthon of the Laramide fold/thrust, Permian 
strata strike from N. 02°W. to N. 35°E. and dip to the west 
at a low angle, 03°W. to 15°SW. The San Andres Formation 
forms the manifest limestone cliffs, and the less resistant, 
underlying upper members of the Yeso Formation (Joyita 
member and Canas member), form the slope (figure 18). Along 
a portion of the eastern range flank, a series of slide 
blocks, some breccia bounded, form a linear belt which 
trends north-northeast (figure 19). The slide blocks con
tain late Permian strata, generally San Andres Formation and 
Glorieta sandstone member although Joyita member of the Yeso
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Figure 18. Eastern flank of the Fra Cristobal Range looking 
to the west. Exposed cliffs are Permian San Andres Formation. 
The detached Permian San Andres Formation blocks are directly 
east of the cliffs.

Figure 19. Linear series of Permian San Andres Formation 
detached blocks looking north-northeast. The rotated blocks 
form the eastern boundary of the Fra Cristobal Range.
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Formation is also found locally. Strata within the individ
ual blocks generally dip to the south, with both east and 
west components. The variation of dip direction within the 
slide blocks indicates block rotation in addition to down- 
dip gravity sliding. Two secondary structural features, a 
breccia zone and silicification, are associated with the 
slide blocks.

Brecciation

The brecciated zone is found beneath the slide block of 
San Andres Formation and is believed to be of gravitational 
origin. The breccia contains fragments of San Andres Forma
tion, Glorieta sandstone member, and Meseta Blanca member, 
with some unidentified fragments (figure 20). Clasts of 
breccia are also found. Thin section analysis reveals that 
the zone is mostly quartz indicating silicification; howev
er, remnant calcite is found indicating that the silicifica
tion was not complete in limestone clasts. As a gravity 
breccia, the rubble zone would be created by the movement of 
the slide blocks over the underlying strata. Existence of 
the breccia clasts within the breccia indicates multiple 
episodes of movement. The breccia zone is most clearly 
evident at location A (figure 21), but is also found locally 
bounding other blocks. The scale of the zone varies both in
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Figure 21. Map of the eastern flank of the Fra Cristobal 
Range detached Permian blocks (southeastern study location, 
figure 2) locating brecciation and silicification.
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zone thickness and in the size of the clasts. Thickness 
varies from < 1 m to 4 m, and clast size varies from < 1 cm 
to 25 cm diameter.

Silicification

Silicification of several different units is present 
along the slide block boundaries. San Andres Formation, 
Glorieta sandstone member and the Yeso Formation transition
al unit all are silicified at discrete locations (figure 
21). Within the San Andres Formation, silicification is 
often jasperoid in nature, and in places resembles a hydro- 
thermal stockwork. Iron staining along crossbeds highlights 
silicification in the Glorieta sandstone member (figure 22). 
The patchy nature of the silicification suggests segmenta
tion of slide blocks and the related hydrothermal plumbing 
system.

Additional Features

Additional features found associated with the deforma
tion include open extension fractures, filled extension 
fractures, barite, and fault plane slickenlines. Figure 23 
locates these features.
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J

Figure 22. Silicified Permian San Andres Formation Glorieta 
sandstone member. Note the cross-bedding highlighted by 
silicification.
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Figure 23. Map of the eastern flank of the Fra Cristobal 
Range detached Permian blocks (southeastern location, figure 
2) locating additional deformation.
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The extension fractures are found in the Yeso Formation 
transitional unit, associated with minor symmetrical folds 
(figure 24). The axial plane of the fold is N. 78°W. with a 
hinge plunge of 07°W. The extensional fractures, none of 
which exhibited a sigmoidal nature, were fairly scattered. 
However, the majority of the fractures have a NE strike, and 
dip at a high angle, 58°SE. to 89°SE. Some or all of these 
fractures may be related to the Laramide deformation, but 
are here interpreted as formed during extensional, post- 
Laramide deformation due to their orientation, their associ
ation with the high-angle range boundary, and their unfilled 
character.

Open space fracture filling is found in the San Andres 
Formation. Fractures abound and are either open, calcite 
filled, silica filled, or both calcite and silica filled. 
Some fracture sets are orthogonal while others are not.
Fluid flow history can be recreated in some cases by the 
infill relationships. Figure 25 exemplifies an early frac
ture and silicification system with later calcite spar 
filling. Other cross-cutting relationships show silica 
after calcite.

A member of the transitional unit, an alternating black 
and white zebra layer exhibits quartz growth in open space 
layers. The unaltered unit is a calcite, gypsum unit, which 
appears to have been altered, either diagenetically or
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tectonically to facilitate the quartz growth. The same unit 
is silicified in certain locations. In thin section, varia
tions in quartz crystal size indicate different growth 
environments with the coarse-grained quartz forming after 
the fine-grained quartz. Barite, in a quartz matrix, is 
seen in thin section.

Barite is found in a sandstone member of the Yeso 
Formation transitional unit. The white barite blades are 
randomly oriented. Barite is also found locally in the 
silicified zebra formation of the transitional unit.

Results of slickenline data from several locations are 
varied. Slickenline data (figure 26) from San Andres Forma
tion southern location (located on figure 23) yield two 
families of slip plane strikes, a northeast set and a south
east set, and one transport direction, westerly. Other 
groupings from a northern location of San Andres Formation 
(figure 26) yield sets of north-northeast and east-southeast 
slip plane directions with a fairly chaotic transport indi
cation. The scatter in the data may indicate multiple 
release episodes. Most high-angle normal fault surfaces in 
the Cretaceous strata (figure 27) indicate a component of 
left-lateral strike-slip motion.

Interpretation of Detached Permian Blocks
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Figure 26. Stereonet of normal fault and slickenline data in
the Permian San Andres Formation Glorieta member.
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Figure 27. Stereonet data of the eastern flank normal (?) 
fault surfaces in the Cretaceous rocks with slickenlines 
mostly showing components of right- and left-lateral slip.
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In order to arrive at the observed geometric configura
tion several different options were explored. Specifically, 
the observed tilt of the slide blocks needs to be consid
ered. As seen on plate I, the dip of strata within the 
blocks varies from 75° SE. to 30° SW. Cross sections A-A1 
and B-B' (figure 28) illustrate in a general sense the 
necessity for local rotation to obtain the observed struc
tural configuration. Six exaggerated cross sections across 
the detached Permian blocks are shown in figures 29 and 30. 
Figure 29, cross section C-C1 at 2X vertical exaggeration, 
illustrates that the Joyita member through San Andres Forma
tion were emplaced as a unit. The underlying evaporite 
Cahas member probably provided a less competent layer that 
served as a plane of detachment. Figure 29, cross section 
D-D1 shows an isolated block of San Andres Formation with no 
apparent internal bedding. Cross section E-E*, figure 29, 
contains both Glorieta member and San Andres Formation out 
of place. The Glorieta member dips at a high angle (75°) to 
the southeast, while the San Andres Formation dips at a 
lower angle (30°) to the southeast. Although the Glorieta 
member is older, there is no evidence of the San Andres 
Formation overlying the Glorieta member. Figure 30, cross 
section F-F', again contains both Glorieta member and San 
Andres Formation. The Glorieta member dips at a high angle 
(84°) to the northwest, while the San Andres Formation dips





NNW 200 VE = 5X SSE

Figure 29. Vertically exaggerated cross sections across the 
Permian detached blocks. Located on Plate II.
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Figure 30. Vertically exaggerated cross sections across the
Permian detached blocks. Located on Plate II.
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at a lower angle (35°) to the southeast. Cross section G-G' 
in figure 30 shows an isolated block of San Andres Formation 
dipping 28° to the southeast. Cross section H-H', figure 
30, contains both Glorieta member and San Andres Formation. 
The Glorieta member is exposed through windows in the San 
Andres Formation, indicating both members were emplaced as a 
single unit. The various slide blocks have rotated with re
spect to each other, and thus are not now part of one con
tiguous detachment sheet. Five alternate explanations were 
considered: A) early tilting, then faulting (gravity slid
ing) , B) tilting post emplacement, C) gravity sliding w/ 
rotation, D) synthetic domino-style faulting, and E) anti
thetic domino-style faulting (figure 31). Although domino- 
style faulting is evident during extension in the Basin and 
Range Providence (Wernicke, 1981) and locally in the Lemitar 
Mountains, Socorro County, New Mexico (Chamberlin, 1983) the 
limited areal extent and scale of the deformation here 
provides evidence against such faulting. On the eastern 
edge of the San Andres cliffs, a block of San Andres Forma
tion has detached and displaced horizontally approximately 4 
m (plate II). The down-drop block of San Andres Formation 
could be an early stage of gravity sliding. Multiple events 
of gravity sliding accompanied by block rotation would place 
the blocks in their current position and account for the 
associated brecciation. The evaporitic Cahas member, a
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Figure 31. Simplified schematic models of Permian detached 
block emplacement.
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layer susceptible to deformation, would provide a good plane 
of detachment.

High-angle Normal Faults

North of the Red Gap road (figure 2), in gravity slide 
blocks of San Andres Formation, strata are shallowly dipping 
to horizontal. The strata are in contact with Pennsylvanian 
Magdalena Formation and Permian Abo Formation, in addition 
to the Meseta Blanca and Los Vallos members of the Yeso 
Formation (plate I). The eastern edge of the block shows a 
high-angle contact of the San Andres Formation with the 
Cretaceous. Cross section I-I1 (figure 32) illustrates the 
configuration of the formations. The relationship shows the 
gravity sliding to be older than the high-angle faulting.

The lineation of silicification, extending to basaltic 
flows to the north and south of the study region help define 
the buried high-angle fault.

Eocene (?) strata

The unnamed interbedded conglomerate and red sandstone 
unit is tentatively correlated to the Eocene Love Ranch 
Formation (Seager et al., 1986). The conglomerate contains
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Figure 32. Eastern flank cross section across the high-angle
fault. Located on Plate I.
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clasts ranging in size from pebbles to small boulders. 
Identifiable clasts included Abo Formation sandstone, San 
Andres Formation limestone, McRae Formation sandstone, and 
petrified wood. The conglomerate must therefore postdate 
McRae Formation deposition. The exact age of the Love Ranch 
Formation is uncertain, as there is little fossil evidence. 
Based on stratigraphie evidence, Seager et al. (1986) con
sider it to be early Tertiary with the bulk of the sedimen
tation occurring during the Eocene.

Structural features in the Eocene (?) strata are pres
sure solution, en echelon fractures, and structural atti
tude. Analysis of the fracture patterns proved to be incon
clusive due to their chaotic orientation. The dip of the 
Eocene (?) strata is lower than the underlying Cretaceous and 
greater than the overlying Quaternary basaltic flow. The 
tilt of the strata could be a result of several different 
mechanisms : A) latest Laramide compression, B) normal fault 
rotation - short radius, or C) range block rotation - large 
radius. Considering the clasts of McRae Formation in the 
Eocene (?) conglomerate, the strata could not have been 
deformed by Laramide deformation. There is no evidence for 
a short-radius rotational fault block in the formations and 
structures surrounding the Eocene (?) strata. Large-radius 
block rotation during the Rio Grande rift extension would
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provide regional tilting and is the best fit for the ob
served relationships (figure 33).

EXTENSIONAL STRUCTURES WITHIN THE RANGE

In addition to the extensional features studied on the 
eastern flank of the range, other areas with extensional 
structures also were examined: A) isolated blocks similar in 
style to ones on the eastern flank are found in Walnut 
Canyon, and have been previously reported in other areas 
(Warren 1978); and B) high-angle stair-step faults which 
bound the western flank of the range.

Walnut Canyon Area

The Walnut Canyon area (figure 2) contains at least two 
detached blocks: one of San Andres Formation, the other of 
McRae Formation. In contact with both the Meseta Blanca 
member and Los Vallos member, the blocks exhibit evidence of 
deformation in the form of slickensides, fractures, and 
brecciation. The region was mapped on a 1:6000 scale and 
structural information was recorded and plotted.
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Figure 33. Post-Eocene range tilting.
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Current mapping and examination of the region (plate 
III) reveals the San Andres Formation block contains Glor
ieta sandstone member on the north and the west, with a 
breccia zone underlying the eastern contact. High-angle 
fault surfaces (dip of 52°NW to 84°NW) with steeply to 
shallowly raking slickenlines were found in the Glorieta 
sandstone member. This indicates both dip-slip and strike- 
slip components of movement (figure 34). The San Andres 
Formation block dips consistently south.

The dip of the fault surrounding the McRae Formation 
block varies from 25° to 74°. The western boundary of the 
McRae Formation is a high-angle fault against the Meseta 
Blanca member. Fault surfaces within the McRae Formation 
reflect the high-angle fault trend within the Meseta Blanca 
member. Beds within the McRae Formation are varied in dip 
direction ranging from NE to NW —  the only dip direction 
not found is north. A window of San Andres Formation was 
found in the McRae Formation block. Cross sections shown in 
figure 35 illustrate the configuration of the blocks.

The origin and emplacement timing of these blocks has 
been a matter of discussion in several recent works on the 
Fra Cristobal Range. Warren (1978) concluded that these 
blocks were gravity slide blocks which developed as a result 
of uplift of the range. Nelson (1986) alternately proposed 
that the blocks could represent erosional remnants of de-
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Figure 34. Stereonet data of the Permian San Andres Glorieta 
member from the Walnut Canyon location.
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Figure 35. Walnut Canyon cross sections located on Plate III.



T - 3552 64

tachment slices above low-angle faults which formed during 
early (?) rift-related extension. Hunter (1986) also de
scribes the blocks as lenticular flat-bottomed detachment 
sheets, and suggests that the McRae Formation was deposited 
in a fluvial system which had eroded down to a position 
stratigraphically near, if not at, the San Andres Formation. 
If Hunter is correct, the McRae Formation can overlay the 
Yeso Formation with relatively little missing section (ap
proximately 350 m separation as opposed to 2000 m separa
tion) . Hunter places the faulting as occurring during 
Tertiary rifting and associated uplift of the present day 
Fra Cristobal Range.

Interpretation of the current data does not give con
clusive results on the relation of the San Andres Formation 
block to the McRae Formation block. Whether the McRae 
Formation was deposited on the San Andres Formation and 
moved with the San Andres Formation as a unit, or whether 
additional strata were removed between the San Andres Forma
tion and the McRae Formation as a result of faulting, or 
whether the McRae Formation and the San Andres Formation 
were emplaced from the same direction is not certain.

The current data does not provide conclusive data 
regarding the method of emplacement of the detached blocks. 
Figure 36 illustrates several possible mechanisms of em
placement of the blocks. If the deformation mechanism in
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C) Psa emplaced from the SW as gravity slide block - then TKm from the SE

Figure 36. Methods of proposed block down-faulting in the 
Walnut Canyon area.
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the region was consistent, and gravity block slumping oc
curred , then the southerly dipping block of the San Andres 
Formation could be interpreted as a gravity slide block, 
sliding into place from the southwest. The dip of the McRae 
Formation in relation to the surrounding formations indi
cates the McRae Formation may have slid in from the south
east. The window of San Andres Formation directly beneath a 
thin veneer of McRae Formation and the slickenline data 
suggest figure 36c is the more likely interpretation. The 
high-angle fault contact of the McRae Formation and the 
Meseta Blanca member, with similar fault trends in the McRae 
Formation, indicates that the fault may have been active 
after the down faulting of the McRae Formation, during a 
later stage of extension. Such evidence could support the 
method of emplacement by gravity sliding, triggered by high- 
angle extensional faulting.

The current position of the McRae Formation may have 
been partially controlled a high-angle normal fault, possi
bly a reactivated Laramide thrust fault, which defines the 
western edge of the McRae Formation (plate III, fault A). 
Reactivation of Laramide faults during extension is suggest
ed by Nelson and Hunter (1986). It may be possible that the 
San Andres/McRae blocks seen today in Walnut Canyon were 
part of a larger system, but associated blocks were uplifted 
by high-angle normal faulting and subsequently eroded.
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Warren (1978) reported a detachment block located on 
figure 2. Warren described the block as a fault bounded
detachment block. However, based on this investigation the
block is not of tectonic origin, and is stratigraphically in 
place.

Western Flank High-angle Faults

The western boundary of the range is delineated by the 
Hot Springs/West Vein fault zone which strikes N. 15°W.- N. 
15°E and dips 53°- 83°W. (figure 2). Up to 100 m wide, the 
fault zone is associated with Rio Grande rifting (Cserna, 
1956 ; Van Allen et al., 1984 ; Nelson, 1986). Stratigraphie 
separation may be more than 1,500 m in the series of subpar
allel stair-step faults. In 1980, Tenneco Minerals discov
ered the subeconomic Sunset Ridge fluorite deposit within 
the Hot Springs/West Vein fault zone (Van Allen et al.,
1984). As large scale regional intraplate block faulting
began around 21 Ma, (Elston and Bornhorst, 1979), the fluo
rite deposit is thought to be of Miocene or Pliocene age. 
Associated barite also is found within the zone. Lenticular 
blocks of late Paleozoic strata are found in blocks within 
the fault zone. A block of San Andres Formation, mapped by 
Van Allen et al. (1983), shows features similar to those 
found on the eastern flank. Although not mapped or studied
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in this research, reconnaissance of the block yielded jas
teroid textures, calcite veining, brecciation, and silicifi
cation. Associated with the San Andres Formation block, 
Meseta Blanca member and silicified Glorieta sandstone 
member also were found.

GEOLOGIC HISTORY - LARAMIDE TO RECENT

Study of the structure of the eastern flank has led to 
a better understanding of the geologic history of the area. 
An interpretation of the geologic history from Laramide time 
to present is presented here. Much of the eastern flank's 
current topography appears to be a result of Laramide com- 
pressional faulting and folding. The east vergent folding 
discovered on the eastern flank is consistent with the 
Laramide structures on the western flank, specifically 
Hellion Fold described by Chapin and Nelson (1986) and seems 
to have been generated by the same compressional forces, 
deforming the entire range. An east-west cross section of 
the range in figure 37 illustrates the relationship of the 
eastern flank folding to the western flank folding. The 
eastern flank remained a positive topographic feature at the 
end of the Laramide. A post-Laramide period of erosion
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Figure 37. Generalized east-west cross section of the Fra
Cristobal Range during Laramide compression.
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occurred depositing the McRae Formation in portions of the 
range, specifically in the Walnut Canyon area and in the 
extreme southern portion of the range. Clasts of McRae 
Formation contained in the Eocene (?) conglomerate are evi
dence of tectonic uplift and subsequent erosion. Exten
sional forces, acting in a dominantly east-west direction 
stretched the crust as the Rio Grande rift began to form. 
Large displacement high-angle normal faulting occurred along 
the West Vein fault on the western flank, with correspond
ing, smaller scale high-angle normal faulting on the eastern 
flank. The combination of the compressional and extensional 
tectonics formed steep cliffs, capped by San Andres Forma
tion. Portions of these cliffs of San Andres Formation 
(with associated Glorieta sandstone member and Yeso Forma
tion Joyita member) detached, rotated and slid into their 
present position on the eastern flank (figure 38). The 
gravity sliding may have been triggered by the high-angle 
normal faulting and range block rotation. These slide 
blocks form the present day eastern flank topography and 
have been preserved in part due to silicification.

DISCUSSION
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Figure 38. Generalized present day east-west cross section of 
the Fra Cristobal Range showing Rio Grande rift extension, 
with gravity sliding, superimposed on Laramide compression.
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Mapping both general and structural features yields a 
complicated picture that probably indicates multiple super
imposed episodes of deformation. Alternative models have 
been introduced and used to relate the data to a general 
geologic picture.

Compressional deformation models include thick-skinned 
basement block faulting with surface expression of folding 
or faulting, and thin-skinned decollement folding within the 
Meseta Blanca member. The deformation model is consistent 
within the range and regionally.

Interpretations drawn from the models for the San 
Andres Formation detached blocks are not conclusive. Al
though Smith et al. (1983, p.7) observed that low-angle 
faults within the upper Permian strata, particularly in the 
stratigraphie interval of upper Yeso Formation, Glorieta 
sandstone member, and San Andres Formation "are widespread 
in Central New Mexico", the degree of rotation found within 
the blocks, the relatively small scale of the deformation, 
and the limited areal extent all indicate another style of 
deformation. Additionally, a down dropped block of San 
Andres Formation, in place at the eastern edge of the San 
Andres cliffs with approximately 4 m of horizontal displace
ment, could be an example of early stage gravity sliding. 
Emplacement by gravity sliding, although not a preferred 
mechanism, seems the most applicable in this circumstance.
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Evaporite deposits in the upper Yeso Formation may play an 
important role in localizing gravity sliding in the range.

Many of the constraints on timing are drawn from inter
pretations and are therefore broad in scope. Compressional 
features are associated with the Laramide due to the simi
larities of faulting and folding styles within the range and 
regionally. Extensional features are associated with Rio 
Grande rifting due to correlation with similar features 
regionally. Rio Grande rifting may have served as a trig
gering mechanism for the gravity sliding.

Interpretations are regionally consistent and geologi
cally sound although certain questions remain. The inter
pretation of the compressional features seems to be consis
tent regionally, but whether some of the smaller features, 
such as the extensional fractures, are associated with the 
compressional deformation is unknown. Gravity sliding 
movement of the upper Permian strata, although not supported 
in the region by literature, appears to be the remaining 
option once other models are ruled out.

Further work on differentiation of the Cretaceous 
section is beyond the scope of this work and is therefore 
left to a future study.
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SUMMARY AND CONCLUSIONS

Detailed mapping has revealed a variety of deforma- 
tional styles which include high- and low-angle normal 
faults, thrusting, folding, and gravity sliding. Manifes
tations of both compressional and extensional deformation 
are found throughout the range. The gravity sliding is most 
pervasive on the eastern flank. Major conclusions of the 
study are:
1) Compressional deformation mapped on the eastern flank 
includes thin-skinned folding, an overturned fault-propagat
ed fold structure and a reverse fault. These structures are 
correlated to Laramide period deformation found elsewhere in 
the range and regionally.
2) Extensional structures include high- and low-angle 
normal faults along the eastern flank. The low-angle fault
ing is limited to the Abo Formation and is expressed along 
bedding plane shears. The high-angle normal faulting on the 
eastern flank is associated with the Rio Grande rift exten
sion, correlating to the range bounding faulting on the 
western flank of the range.
3) Detached blocks of Permian strata are gravity slide 
blocks whose movement may have been caused by Rio Grande
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rift extension. Local silicification has aided in the 
preservation of the blocks.
4) Other associated features are found within the range and 
include: a) at least two gravity slide blocks in the Walnut 
Canyon area and b) at least one block of Permian strata 
caught up in the western range bounding fault associated 
with brecciation, silicification and fracturing similar in 
style to the eastern range gravity slide blocks.



T - 3552 76

REFERENCES CITED

Aldrich, M. J. , Chapin, C. E. , and Laughlin, A. W. , 1986, 
Stress history and tectonic development of the Rio Grande 
rift, New Mexico: Journal of Geophysical Research, v.
91, no. B6, p. 6199-6211.

Al Imendinger, R. W. , Hauge T. A., Hauser, E. C. , Potter, C. 
J., Klemperer, S. L. , Nelson, K. D. , Knuepfer, P., 
Oliver, J. , 1987, Overview of COCORP 40° N. Transect,
Western United States: The fabric of an orogenic belt:
Geological Society of America Bulletin, v. 98, p. 308- 
319.

Anderson, R. E., 1971, Thin skin distension in Tertiary rocks 
of southeastern Nevada: Geological Society of America 
Bulletin, v.11, p. 532-536.

Axen, G. J. , 1986, Superposed normal faults in the Ely Springs 
Range, Nevada: estimates of extension: Journal of
Structural Geology, v. 8, no. 6, p. 711-713.



T - 3552 77

Chamberlin, R. G., 1983, Cenozoic domino-style crustal 
extension in the Lemintar Mountains, New Mexico, A 
Summary, in New Mexico Geological Society Guide book 34th. 
Field Conference, 1983 : p. 111-118.

Chapin, M. A., and Nelson, E. P., 1986, Laramide basemant 
involved deformation in the Fra Cristobal Range, south- 
central, New Mexico, in New Mexico Geological Society 
Guidebook 37th Field Conference, 1986: p. 107-114.

Chapin, M. A., 1986, Analysis of laramide basement-involved 
deformation. Fra Cristobal Range, New Mexico: M. S.
thesis, Colorado School of Mines, Golden, 93 p.

Coney, P. J., 1980, Cordilleran metamorphic core complexes: 
An overview, in Crittenden, M. A., Coney, P. J., Davis, 
G. H., eds., Cordilleran metamorphic core complexes: The 
Geological Society of America, Memoir 153, 490 p.

Darton, N. H., 1922, Geologic structure of parts of New
Mexico: United States Geological Survey Bulletin 726-E, 
p. 173-275.

Darton, N. H. , 1928, Geologic Map of New Mexico: United States 
Geological Survey, scale 1:500,000.



T - 3552 78

Davis, G. H., 1980, Structural characteristics of metamorphic 
core complexes, southern Arizona, in Crittenden, M. A., 
Coney, P. J., Davis, G. H., eds., Cordilleran metamorphic 
core complexes: The Geological Society of America, Memoir 
153, 490 p.

Dokka, R. K., 1986, Patterns and models of early Miocene
crustal extension, central Mojave Desert, California, in 
Mayer, Larry ed. , Extensional tectonics of the 
Southwestern United States: A perspective on processes 
and kinematics : Geological Society of America Special
paper 208, p. 75-96.

Eaton, G. P., 1979, A plate spreading model for late Cenezoic 
crustal spreading in the western United States, in 
Riecker, R. E. (éd.), Rio Grande rift: tectonics and
magmatism: American Geophysical Union, Washington, D. C. 
p. 7-32.

Elston, E. E. , and Bornhorst, T. J., 1979, The Rio Grande rift 
in context of regional post-40 m.y. volcanic and tectonic 
events, in Riecker, R. E. (éd.), Rio Grande rift: 
tectonics and magmatism: American Geophysical Union,
Washington, D.C. p. 416-437.



T - 3552 79

Gaudemer, Yeves, and Tapponnier, Paul, 1987, Ductile and
brittle deformation in the northern Snake Range, Nevada: 
Journal of Structural Geology, v. 9, no. 2, p. 159-180.

Hargett, Thomas, (in preparation), Laramide deformation of 
the Pennsylvanian Magdalena Group, Fra Cristobal Range, 
New Mexico: M. S. thesis, Colorado School of Mines, 
Golden.

Harley, G. T., 1934, The geology and ore deposits of Sierra 
County, New Mexico: New Mexico Bureau of Mines and
Mineral Resources, Bulletin 10, 22Op.

Hunter, J. C. , 1986, Laramide synorogenic sedimentation in
south-central New Mexico: Petrologic evolution of the
McRae Basin: M. S. thesis, Colorado School of Mines, 
Golden, 75 p.

Jacobs, R. C., 1956, Geology of the central front of the Fra 
Cristobal Mountains, Sierra County, New Mexico: M. S.
thesis, University of New Mexico, Albuquerque, 47 p.

Kottowski, F. E., Flower, R. H., Thompson, M. L., and Foster, 
R. W. , 1956, Stratigraphie studies of the San Andres



T - 3552 80

Mountains, New Mexico: New Mexico Bureau of Mines and 
Minerai Resources, Memoir 1, 131p.

Mandl, G., 1987, Tectonic deformation by rotating parallel
faults: the "bookshelf” mechanism: Tectonophysics, v.
141, p. 277-316.

McCleary, J. T., 1960, Geology of the northern part of the
Fra Cristobal Range, Sierra and Socorro Counties, New 
Mexico: M. S. thesis, University of New Mexico,
Albuquerque, 59 p.

Michael, A. J., 1984, Determination of stress from slip data: 
faults and folds: Journal of Geophysical Research, v.
89, no. B13, p. 11,517-11,526.

Morgan, Paul, Seager, W. R. , and Golombek, M. P., 1986,
Cenozoic thermal, mechanical, and tectonic evolution of 
the Rio Grande rift: Journal of Geophysical Research, v. 
91, no. B6, p. 6263—6276.

Needam, C. E., and Bates, R. L., 1943, Permian type sections 
in central New Mexico: Bulletin of the Geological Society 
of America, v. 54, p. 1653-1688.



T - 3552 81

Nelson, E. P., 1986, Geology of the Fra Cristobal Range,
south-central New Mexico, in New Mexico Geological 
Society Guidebook 37th Field Conference, 1986: p. 83-91

Nelson, E. P., and Hunter, J. C., 1986, Laramide thin-skinned 
deformation in Permian Rocks, Fra Cristobal Range, south- 
central New Mexico, in New Mexico Geological Society 
Guidebook 37th Field Conference, 1986: p. 115-122.

Rehrig, W. A., 1986, Processes of regional Tertiary extension 
in the western Cordillera: Insights from the metamorphic 
core complexes, in Mayer, Larry ed.,Extensional tectonics 
of the Southwestern United States: A perspective on
processes and kinematics: Geological Society of America 
Special paper 208, p. 97-122.

Rehrig, W. A., and Reynolds, S. J. , 1980, Geologic and
geochronologic reconnaissance of a northwest-trending 
zone of metamorphic core complexes in southern and 
western Arizona, in Crittenden, M. A., Coney, P. J., 
Davis, G. H. , eds., Cordilleran metamorphic core 
complexes: The Geological Society of America, Memoir 153, 
490 p.



T - 3552 82

Seager, W. R., Mack, G. H., Raimonde, M. S., and Ryan, R. G., 
1986, Laramide basement-cored uplift and basins in south- 
central New Mexico, in New Mexico Geological Society 
Guidebook 37th Field Conference, 1986: p. 123-130.

Shumard, G. G., 1859, The geological structure of the Jornada 
del Muerto, New Mexico: Saint Louis Academey of Scinces 
Transactions, 1, p. 341-355.

Smith, C.T., Osburn, G.R., Chapin, C.E., Hawley, J.W. , 
Anderson, S.E., Rosen, S.D., Eggleston, T.L., and Gather, 
C.M., 1983. First day road log, in New Mexico Geological 
Society Guidebook 34th Field Conference, 1983 : p. 1-27.

Thompson, S. Ill, 1961, Geology of the southern part of the 
Fra Cristobal Range, Sierra Sounty, New Mexico: M. S. 
thesis, University of New Mexico, Albuquerque, 89 p.

Van Allen, B. R. , Gill, R. D. , and Emmons, D. L. , 1983, 
Minerals reconnaisance of the Pedro Armendaris Grants 
nos. 33 and 34 and adjacent areas, Sierra and Socorro 
Counties, New Mexico: Internal Report, Tenneco Minerals 
Company, Lakewood, Colorado, 395p.



T - 3552 83

Van Allen, B. R. , Wilson, J. L. , and Hunter, J. C. , 1984,
Sunset Ridge flourite deposit, Fra Cristobal Range, 
Sierra County, New Mexico: New Mexico Geology, v. 6, no. 
1, p. 1-5.

Warren, R. G., 1978, Characterization of the lower crust-upper 
mantle of the Engle Basin, Rio Grande rift, from a petro
chemical and geological study fo the basalts and their 
inclusions: M. S. thesis, University of New Mexico,
Albuquerque, 156 p.

Wernicke, Brian, 1981, Low-angle normal faults in the Basin 
and Range province: Nappe tectonics in an extended
orogen: Nature, v. 291, p. 645-648.

Wernicke, Brian, and Burchfiel, B. C. , 1982, Modes of
extensional tectonics: Journal of Structural Geology, v. 
4, no. 2, p. 105-115.



PLATE I -  GEOLOGY OF THE EASTERN FLANK OF THE FRA CRISTOBAL RANGE
SIERRA COUNTY, NEW MEXICO
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PLATE II - GEOLOGY OF THE SOUTHEASTERN FLANK OF THE FRA CRISTOBAL RANGE,
SIERRA COUNTY, NEW MEXICO
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PLATE III -  GEOLOGY OF THE WALNUT CANYON AREA, 
FRA CRISTOBAL RANGE, SIERRA COUNTY, NEW MEXICO
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S e e  location - P late I

M cR ae F ormation (TKm)
Arkosic gwke, interbdd with slst, whitish tuff, 
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