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Preface 

The work on the Elephant Butte area was done in 
1981-82 as a M.S. thesis project at the University of 
New Mexico. The major emphasis of this report is on 
the late Cenozoic geology; however, all stratigraphic 
units and structures exposed within the area were 
mapped (Sheet 1) in order to better interpret the origin 
of the younger deposits. The area is a critical one for 
studies of the Rio Grande rift and evolution of the Rio 
Grande fluvial system for three reasons: 1) the 
location is at the junction between two intrarift basins 
and includes parts of three uplifts; 2) there are ex-
cellent exposures of upper Cenozoic basin fill, in-
cluding deposits of the ancestral Rio Grande; and 3) 
this is one of the few places along the rift where the 
Rio Grande has migrated outside a basin to cut a 
channel within bedrock of an adjacent uplift. Included 
in this report is a seven-stage evolutionary history of 
the Elephant Butte area that covers the last 4-5 million 
years (Sheet 2). This study ties in with other work 
done on the Rio Grande rift between Hatch and Las 
Cruces, New Mexico (e.g., Seager and others, 1971, 
1975; Seager and Hawley, 1973). 

This publication is intended not only for persons 
involved with geological investigations, but will also 
be of value to all persons who enjoy the Elephant 
Butte area and wish to gain a better understanding of 
how it developed throughout geologic time. The  

landforms and rock types are quite diverse, and 
there is a variety of fossils including large dinosaur 
and mammal bones. The submerged channel of the 
Rio Grande shown on Sheet 1 should be of interest 
to boating and fishing enthusiasts. 
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Abstract 

A 256-km
2
 area surrounding the Elephant Butte Reservoir, Sierra County, New Mexico, was 

mapped to interpret the
 
late Cenozoic (Pliocene to Holocene) history. The interpretation is 

based on examining faults, geomorphic features, and upper Cenozoic sedimentary and 
volcanic units. 

Less than 10% of the study area is covered by Precambrian and Paleozoic units, ap -
proximately 40% is covered by upper Cretaceous units, and more than 50% is covered 
by Cenozoic units. The major Cenozoic sedimentary deposits are mapped as the 
Palomas Formation of the upper Santa Fe Group, which is divided into the piedmont 
and the axial facies. Other Cenozoic units include pediment, alluvial-fan, terrace, and 
eolian deposits. 

Regional geomorphic surfaces include the erosional Cutter surface, located along the 
rift margin, and the constructional Cuchillo surface located within the rift. Five terrace 
levels occurring along the Rio Grande and Cuchillo Negro Creek and three pediment 
levels occurring along the Mud Springs Mountains are recognized and postdate the 
Palomas Formation. The Rio Grande is interpreted to have left the basin where it cut 
bedrock in the marginal uplifts by laterally cutting meanders at Long Point and Rattle -
snake Islands and by stream piracy around Long Ridge. Most structural features resulted 
from Laramide and Rio Grande rift tectonic activity.  

Palomas Formation deposition occurred from early Pliocene to middle Pleistocene. The 
Rio Grande became a through-flowing drainage system flowing within the basin by 3.8 
m.y. B.P. Initial incision of the Rio Grande during middle Pleistocene ended Palomas 
Formation deposition, formed the Cuchillo surface, and marked the end of major episodic 
movement on the Hot Springs fault. Since the initial incision, the Rio Grande has under -
gone several incision episodes and has partly migrated out of the basin. Presently, the Rio 
Grande has the potential to reestablish its course within the basin. 

Introduction 

The main objectives of this investigation were to 
produce a geologic map of the Elephant Butte area 
(Sheet 1, in pocket) and to interpret the late Cenozoic 
(Pliocene to Holocene) history of the Rio Grande in 
the vicinity of Elephant Butte Reservoir. The inter-
pretation is based on an examination of the following: 
1) faults, in order to establish the types and timing of 
faulting events; 2) upper Cenozoic volcanic deposits, 
in order to determine types and timing of eruptions; 3) 
upper Cenozoic sedimentary deposits, in order to 
determine provenance, mode of deposition, and ages; 
and 4) geomorphic features, in order to determine ages 
and processes that formed them. 

The study area is located near the junction between 
two structural and physiographic basins of the Rio 
Grande rift, the Engle and the Palomas. Only limited 
work has been done on the upper Cenozoic stratig-
raphy in this portion of the rift. In addition, a sig-
nificant part of this investigation involved the study of 
the present course of the Rio Grande as it meanders 
across the basin-bounding fault. This is one of the few 
places along the Rio Grande rift where the Rio Grande 
has crossed a basin-bounding fault to cut into bedrock 
of the marginal uplifts, rather than continuing to cut 
into basin-fill sediments within the basin. This study 
includes mapping of all bedrock within the study area, 
but the upper Cenozoic deposits and structures are 
emphasized. All original measurements were made  

in metric units, and, to be consistent, metric units are 
used throughout this book. A conversion chart is pro-
vided on page 39. 

Geographic setting 

The approximately 256-km
2
 study area includes the 

region surrounding the southern portion of Elephant 
Butte Reservoir, Sierra County, New Mexico (Fig. 1). 
The area is in the northern portion of the Mexican 
Highland section of the Basin and Range physiographic 
Province (Fenneman, 1931; Thornbury, 1965). Truth or 
Consequences (hereafter referred to as T or C), the 
county seat, lies within the southwest corner of the 
study area. Specifically, the study area includes the 
Elephant Butte 7

 
1/2-min topographic quadrangle and 

portions of the Cuchillo, Huerfano Hill, and Black 
Bluffs 7

1
/2-min topographic quadrangles (Fig. 1). 

The topography of the area ranges from low rolling 
hills to rugged canyonlands. Elevations vary from 
1,290 m along the Rio Grande to more than 1,650 m 
on ridge crests. Paved and dirt roads provide 
excellent access to the western portions of the study 
area. Private ranch roads, extending north and south 
of NM-52, allow good access to the eastern portions. 
Remote regions along the reservoir shore are most 
accessible by boat. Except for the Rio Grande, all 
drainages in the area are ephemeral. 
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depression (Bryan, 1938; Kelley, 1956) from central 
Colorado to at least southern New Mexico, a distance 
of about 800 km. The rift is generally characterized by 
distinct gravity anomalies (Ramberg, 1978), high heat 
flow, and crustal thinning (Cordell, 1978). Faulting 
began as early as 27-32 m.y. B.P. in some portions of 
the rift (Chapin, 1979) and has continued to the present 
(Seager, 1975). The presence of the Basin and Range 
Province makes the southern Rio Grande rift less well 
defined than the northern Rio Grande rift (Seager and 
Morgan, 1979). However, based on high heat flow, 
exceptionally deep basins, recently active volcanoes, 
and late Quaternary faulting, Seager and Morgan 
(1979) were able to trace the rift south from Socorro, 
New Mexico, to El Paso, Texas. In this study, the Rio 
Grande rift will be defined as that determined by 
Seager and Morgan (1979). 

The study area lies on the eastern margin of the Rio 
Grande rift at the constriction between the Engle and 
the Palomas Basins (Fig. 2). The two basins cover an 
area of about 1,200 km

2
 and 1,400 km

2
, respectively, 

and they are filled with at least 2,000 m of upper 
Tertiary—Quaternary Santa Fe Group sediments 
(Hawley, 1978). The northeastward-tilted Mud Springs 
uplift separates the two eastward-tilted, structural ba-
sins. As seen in Figure 2, the eastern portion of the 
study area includes the Cutter sag and the northern 
Caballo uplift. The Cutter sag is an uplifted structural 
high (relative to the Engle Basin) separating the east-
ward-tilted fault blocks of the Caballo and Fra Cris-
tobal uplifts. These uplifts (including Mud Springs 
uplift) contain Precambrian igneous and metamorphic 
rocks overlain by Paleozoic sedimentary rocks. 
Mesozoic sedimentary rocks are exposed in the Cutter 
sag and are capped by late Cenozoic basalt flows. The 
Hot Springs fault extends through the study area and 
forms the boundary between the Rio Grande rift and 

 

Climate and vegetation 

The climate is arid, typical of areas in the south-
western U.S. Summer temperatures often exceed 
32°C and winter temperatures usually range between 
10 and 16°C. Precipitation averages 23.9 cm/yr 
(Kelley and Silver, 1952), of which more than half 
usually occurs in the late summer months in the form 
of intense, localized thunderstorms. 

Vegetation is sparse, with creosote bush (Larrea tri-
dentata), mesquite (Prosopis juliflora), and yucca 
(Yucca baccata and Yucca elata) dominating in most 
areas. Juniper (Juniperus monosperma) and cottonwood 
(Populus fremontii) trees can be found scattered along 
drainages. 

Geologic setting 

The study area lies in the southern portion of the 
Rio Grande rift. The rift consists of a series of deep, 
roughly north—south-trending structural basins that 
are bordered by uplifts (Bryan, 1938). These basins 
are connected by structural and physiographic con-
strictions that form a rather continuous structural 
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the marginal uplifts. The broad, shallow Jornada del 
Muerto syncline borders the uplifts to the east. The 
extensive volcanic complex of the Sierra Cuchillo and 
the Black Range lies about 30 km to the west. 

Previous work 

The earliest work in the study area was limited to 
general descriptions and mapping of the stratigraphy 
and structure. In a water-resource survey of the Rio 
Grande, Lee (1907a) described the geology and con-
structed a very generalized geologic map while in-
vestigating favorable dam sites. He speculated on the 
entrenchment history of the Rio Grande and noted that 
the river had left the basin-fill to cut bedrock in 
Elephant Butte Canyon. Geologic reports pertaining to 
the construction of Elephant Butte. Dam (1906-1916) 
could not be obtained. Other early reports concerned 
with the region include Shumard (1858), Keyes (1905), 
Lee (1905, 1907b), Darton (1922, 1928), Harley 
(1934), and Bryan (1938). 

Work in the 1950's and 1960's focused on studies of 
the surrounding uplifts. Kelley and Silver (1952) 
investigated the stratigraphy and structure of the Ca-
ballo Mountains including the Elephant Butte area. 
Bushnell (1953) undertook a detailed stratigraphic ex-
amination of the Mesaverde and McRae Formations. 
Thompson (1955, 1961) mapped the stratigraphy and 
structure of the southern Fra Cristobal Mountains. 
Doyle (1951) and Melvin (1963) provided descriptions 
and maps of the Paleozoic and Cretaceous units in the 
northern Caballo Mountains. The Mud Springs 

Mountains were mapped by Hill (1956), who de-
scribed the Paleozoic units with emphasis on fossil 
assemblages. The New Mexico Geological Society's 
sixth conference guidebook (Fitzsimmons, 1955) con-
tains many articles, maps, and road logs pertinent to 
the study area. 

Recent work in the area addressed more specific 
problems. Warren (1978) mapped the region imme-
diately north of the study area in an attempt to in-
vestigate the petrogenesis of the volcanic units and 
found that the Hot Springs fault ended in his study 
area. In an uncompleted study, Loeber (1976) exam-
ined the volcano—tectonic evolution of this portion 
of the rift, which includes part of the present study 
area. His descriptions of the volcanic deposits aided 
in this study. Mason (1976) mapped the quadrangle 
immediately to the south of the Elephant Butte 
quadrangle, which includes a large part of the Caballo 
Mountains. His descriptions and thicknesses of the 
Paleozoic units were useful in this study. 

As part of a regional geothermal study, 
Zimmerman and Kudo (1980) remapped the Mud 
Springs Mountains. Cenozoic sedimentary deposits 
exposed between T or C and the Mud Springs 
Mountains were mapped by Wells and Granzow 
(1980) as part of the same geothermal study. They 
correlated the Santa Fe sediments with the Camp Rice 
Formation (Hawley, 1978) and concluded that only 
minor faulting has occurred around T or C since 
middle to late Pleistocene. Little has been published 
on the Quaternary stratigraphy between the Mud 
Springs Mountains and the Elephant Butte Reservoir. 

Methods and techniques 

Mapping 

Geologic mapping was done on a 1:24,000 topo-
graphic base compiled from the Elephant Butte 7

 
1/2-

min quadrangle and portions of the Cuchillo, Black 
Bluffs, and Huerfano Hill 7

 
1/2-min topographic quad-

rangles. Vertical, color, aerial photographs at 1:24,000 
scale and vertical, black and white, aerial photographs 
at 1:29,000 scale were utilized in mapping the eastern 
and western areas, respectively. For mapping purposes, 
the reservoir level was placed at 1,341 m. 

Stratigraphic sections and 
paleocurrent readings 

Four stratigraphic sections of the Palomas Forma-
tion and terrace deposits were measured. Two of the 
measured sections involved both the Palomas For-
mation and terrace deposits, and two involved only 
the Palomas Formation (see Appendix I). The mea-
sured section locations are marked on Sheet 1 (in 
pocket). A Munsell color chart aided in distinguishing 
sediment colors for descriptions. 

Paleocurrent readings were conducted on imbricated 
clasts in undeformed sediments of the Palomas 

Formation and terrace deposits in order to interpret 
transport direction. In a well exposed outcrop, 50 clast-
imbrication measurements were made on the largest 
clasts (15 to 25 cm in diameter) in about a 1 m

2
 area. 

These data were processed by a Hewlett—Packard 
9830A computer to construct a rose diagram. Imbrication 
measurements were made at four localities, three in the 
Palomas Formation and one in the Rio Grande terrace 
deposits in the wing dam area. These locations are 
marked with a f on Sheet 1 (in pocket). 

Clast counts of pediment and 
terrace deposits 

Clast counts were used to distinguish differences in 
the clast composition of the pediment and terrace 
deposits (e.g., clast differences between Rio Grande 
terrace and Cuchillo Negro terrace deposits). The 
procedure for clast counting was to lay out two 7.6 m 
lines on the deposit; the first line was placed parallel 
with flow or dip direction of the deposits, and the 
second line was placed perpendicular to the first line. 
Observations were made every 30 cm on each line, 
and rock type and roundness (based on roundness 
chart in Compton, 1962, p. 215) of the largest clast 
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were noted within a 30-cm circle. Fifty observations 
were conducted at each location. 

One count was made on each of the deposits on the 
five Cuchillo Negro terrace levels, two on the 
deposits of the Rio Grande terrace levels 3 and 4, and 
two on the deposits of Mud Springs pediment levels 
2 and 3. In addition, three counts were made on the 
present Cuchillo Negro channel bed, one within the 
study area, one near the Black Range, and one ap-
proximately midway between the Black Range and 
the study area. This was done to check on possible 
changes in clast composition upstream. Within the 
study area, each clast-count locality is marked with 
an X on Sheet 1 (in pocket). 

Fitting regression curves to profiles of 
geomorphic surfaces 

Least-square (linear regression) fits of longitudinal 
profiles of geomorphic surfaces were used to 1) ex-
trapolate Mud Springs pediment levels for possible 
correlation with Cuchillo Negro terrace levels, 2) test 
Cuchillo Negro terrace gradients to see if a significant  

change in gradients has occurred over time, and 3) 
extrapolate the Cuchillo surface eastward to approx-
imate its former elevation near the Hot Springs fault. 
Elevations and distances for fitting the regression 
curves to the longitudinal profiles were taken from the 
topographic base maps and entered into a Texas 
Instruments 58 programmable calculator using the 
program in Appendix II. The best curve fit for the 
profile was obtained using either a linear curve for 
terrace levels or an exponential curve for pediment 
levels and the Cuchillo surface. Care was taken to 
select surfaces that were continuous and least dis-
sected. 

Absolute- and relative-dating procedures 

Most age estimates in this study are based on rel-
ative-dating techniques. These techniques include 
crosscutting relationships between geologic features 
that have known or inferred ages and those that do not 
and correlations with ages from other studies (e.g., 
Gile and others, 1981). No radiometric dating was 
done in this study, but fossils aided in establishing 
approximate ages of the Santa Fe Group sediments. 

Stratigraphy 

The study area includes an incomplete sequence of 
stratigraphic units ranging in age from Precambrian to 
Holocene. Silurian, Mississippian, Triassic, Jurassic, 
and Lower Cretaceous units are absent. Outcrops are 
usually good to excellent. Because of the scope of this 
study, descriptions of rocks other than late Cenozoic 
units are general. More detailed descriptions are 
included in Hill's (1956) study of the Mud Springs 
Mountains, Kelley and Silver's (1952) study of the 
Caballo Mountains, and Bushnell's (1953) study of the 
Cutter sag region. 

Precambrian 

A very small outcrop of Precambrian granite (peb) 
occurs at the southwest base of the Mud Springs 
Mountains. The medium- to coarse-grained granite is 
light pink on fresh surfaces and weathers to a reddish 
pink. The contact with the overlying Bliss Formation 
is sharp. Just outside of the study area Precambrian 
metamorphic units crop out in the Mud Springs and 
Caballo Mountains. 

Paleozoic 

The Bliss Formation, El Paso Group, Montoya Group, 
Percha Shale, Magdalena Group, and Manzano Group 
compose the Paleozoic units in the study area. The El 
Paso, Montoya, and Magdalena Groups were mapped as 
undifferentiated units, whereas the Manzano Group 
(Herrick, 1900) was divided into the Abo, Yeso, and San 
Andres Formations. The sequence from the Bliss 
Formation to the Magdalena Group is exposed both  

in the Mud Springs Mountains and in isolated outcrops 
in and around the T or C city limits. The Magdalena 
and Manzano Groups crop out in the Caballo 
Mountains. The Abo Formation also can be found 
along the Cuchillo Negro Creek. These Paleozoic units 
cover less than 10% of the study area. 

Cambrian and Ordovician 

Bliss Formation 

The Bliss Formation (Oeb) of Late Cambrian to 
Early Ordovician age was initially named "Bliss 
Sandstone" by Richardson (1904); however, Kelley 
and Silver (1952) changed the terminology to Bliss 
Formation. The 44m-thick formation is characterized 
by mostly 30-60cm-thick, medium- to coarse-grained, 
dark-brown hematitic sandstone with minor interbeds 
of limestone, siltstone, and oolitic hematite (Hill, 
1956). The Bliss Formation rests nonconformably on 
Precambrian granite in the Mud Springs Mountains. 
In outcrop, the ledgy slope-former creates a 
distinctive dark-brown band along the southwest base 
of the mountain. 

El Paso Group 

Conformably overlying the Bliss Formation is the El 
Paso Group (Oe; Richardson, 1904). Kelley and Silver 
(1952) divided the group into two formations that were 
recognized by Hill (1956) in the Mud Springs 
Mountains. These are the Sierrite Limestone and the 
Bat Cave Formation. The Sierrite Limestone consists 
of alternating beds of medium-grained, gray limestone 
and tan chert that are relatively barren of fossils. 
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The Bat Cave Formation conformably overlies the 
Sierrite Limestone and is composed of fine- to medium-
grained, medium-gray limestone with nodules and 
lenses of brownish chert. Stromatolites in massive reef-
like bodies flanked by brecciated limestone were noted 
by Hill (1956). Other fossils include fragmentary 
gastropods, trilobites, and cephalopods. The cliff-
forming El Paso Group is about 140 m thick (Hill, 
1956). 

Montoya Group 

The Montoya Group (Om; Richardson, 1909) is 110 
m thick (Hill, 1956) and rests disconformably on the El 
Paso Group. The contact is marked by a sharp color 
contrast between the gray limestone of the El Paso 
Group and the dark brown of the lower Montoya 
Group. Hill (1956), following the mapping of Kelley 
and Silver (1952), divided the group into four for-
mations (in ascending order): the Cable Canyon Sand-
stone, the Upham Dolomite, the Aleman Formation, 
and the Cutter Formation. The Cable Canyon is a 
massive, medium- to coarse-grained, dark-brown 
sandstone overlain by massive, dark-gray dolomite 
with scattered chert nodules of the Upham Dolomite. 
The Aleman Formation consists of 30-60-m-thick beds 
of fine-grained, gray dolomite interspersed with brown 
chert lenses. Medium-gray, fine-grained dolomite with 
scattered brown chert nodules characterizes the Cutter 
Formation. Zygospira, Rasfinesquina, and Endoceras 
are found in the Aleman and Cutter Formations (Hill, 
1956). The lower formations are cliff-formers, but the 
upper two formations tend to form steep slopes with 
distinctive ledges. 

Devonian 

Percha Shale 

Devonian strata are represented in the study area by 
the 30-m-thick (Hill, 1956) Percha Shale (Dp; Gordon 
and Graton, 1907). The Percha Shale disconformably 
overlies the Cutter Formation and consists 
predominantly of olive-green to gray-brown shale 
interbedded with thin gray limestone and siltstone. 
The Percha Shale forms a smooth erosional slope, 
which is in marked contrast to the surrounding ledge-
formers and the steeper slope-formers. 

Pennsylvanian 

Magdalena Group 

The Magdalena Group (Pm) was named by Gordon 
(1907) for Pennsylvanian units in the Magdalena 
mining district, Socorro County, New Mexico. He di-
vided the group into the Sandia (Herrick and Bendrat, 
1900) and Madera (Keyes, 1903) Formations. In map-
ping the Caballo Mountains, Kelley and Silver (1952) 
divided the Magdalena Group into three formations 
(in ascending order): the Red House Formation, the 
Nakaye Formation, and the Bar B Formation. Gor-
don's (1907) nomenclature is used here. 

The Magdalena Group attains a thickness of 495 m 
(Hill, 1956) in the Mud Springs Mountains and about  

244 m (Mason, 1976) in the northern Caballo Moun-
tains. The Sandia Formation rests unconformably on 
the Montoya Group and consists of 30-150-cm-thick 
beds of fine-grained, gray limestone with dark shale 
interbeds. At the base, a few beds of coarse-grained, 
light-gray sandstone can be found. Thin (30-60 cm 
thick) to massive beds of fine-grained, dark-gray to 
gray limestone with dark shale intervals characterize 
the Madera Formation. Nodules and lenses of dark and 
light brown chert are present in both formations. 
Fossils include brachiopods, fussilinids, and corals 
(Mason, 1976). The Sandia Formation is generally a 
steep slope-former, whereas the Madera Formation is a 
ridge-former comprising the highest peaks and ridges 
in the study area. 

Permian 

Abo Formation 

The Abo Formation (Pa; Lee and Girty, 1909) con-
formably overlies the Madera Formation with perhaps 
a local unconformity (Kelley and Silver, 1952). Mason 
(1976) measured the thickness of the Abo Formation 
just south of the study area in the Caballo Mountains 
to be 171 m. Thin- to medium-bedded (30-120 cm 
thick) dark-red shale and siltstone with scattered, thin 
interbeds of gray limestone and fine-grained sandstone 
characterize the Abo Formation. Beds can be 
lenticular and contain mudcracks, ripple marks, and 
crossbedding. The Abo Formation is a resistant unit 
that forms the prominent red ridge in the northern 
Caballo Mountains. The darker red and more resistant 
nature of the well bedded Abo Formation distin-
guishes it from the overlying Yeso Formation. 

Yeso Formation 

The contact between the Yeso Formation (Py; Lee 
and Girty, 1909) and the Abo Formation is grada-
tional. The contact was mapped at the top of the high-
est resistant sandstone. The Yeso Formation primarily 
consists of orange to pale-red, 30-140-cm-thick beds 
of sandstone that have thin interbeds of greenish-gray 
mudstone, siltstone, and limestone. Gypsum beds that 
are less than 30 cm thick occur in the upper section. 
Because of drag folding within the Yeso Formation, 
thicknesses are difficult to measure; Mason (1976) es-
timated a thickness of about 180 m. The Yeso For-
mation forms a distinct strike valley between the Abo 
and San Andres ridges in the Caballo Mountains. 

San Andres Formation 

The Yeso Formation grades into the overlying San 
Andres Formation (Ps; Lee and Girty, 1909). The 
contact was mapped where the limestone became the 
dominant lithology. The 232-m-thick (Mason, 1976) 
San Andres Formation is composed principally of 30-
150-cm-thick, evenly bedded, fine-grained, light- to 
dark-gray limestone. Dark shale and lenticular sand-
stone are thinly interbedded. Chert nodules and len-
ses are rare. The very resistant San Andres Formation 
forms the prominent ridge on the eastern side of the 
Caballo Mountains. 
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Mesozoic 

Mesozoic units cover approximately 40% of the study 
area, but they include only rocks of Late Cretaceous age. 
The Late Cretaceous units are generally exposed east and 
south of the Elephant Butte Reservoir and include (in 
ascending order): the Dakota Sandstone, the Mancos 
Shale, the Mesaverde Formation, and the McRae 
Formation. The upper McRae Formation may be early 
Tertiary in age (Kelley and Silver, 1952; Bushnell, 
1953), but it is discussed in this section. 

Cretaceous 

Dakota Sandstone 

The Dakota Sandstone (Kd; Meek and Hayden, 1862) 
rests on an erosional surface of considerable relief on 
the San Andres Formation (Mason, 1976). Within a 
short distance along Mescal Creek, thicknesses range 
from 24 m (Melvin, 1963) to 57 m (Mason, 1976) to 75 
m (Kelley and Silver, 1952). White to buff, medium-to 
coarse-grained sandstone is the dominant lithology. 
Beds range in thickness from about 60 to 120 cm. A few 
interbedded, thin, gray shales and occasional lenses of 
pebbly conglomerate and carbonaceous materials are 
also present. The Dakota Sandstone is a resistant ridge-
former, and, when included with the San Andres 
Formation, the two units generally define the eastern 
margin of the Caballo Mountains. 

Mancos Shale 

The Mancos Shale (Km; Cross, 1899) appears to 
conformably overlie the Dakota Sandstone within the 
study area, but Kottlowski and others (1956) have 
observed an unconformable contact in other areas of 
southern New Mexico. The easily erodable and poorly 
exposed Mancos Shale is 81 m thick (Doyle, 1951) at 
the mouth of Mescal Creek. The lower section is com-
posed of medium to dark gray, thin bedded (less than 
60 cm thick), fetid limestone, shale, and siltstone. The 
upper section primarily consists of brownish gray to 
black calcareous shale with a few scattered, thin lime-
stone and siltstone beds. The Mancos Shale forms the 
strike-valley on the eastern side of the Caballo Moun-
tains. 

Mesaverde Formation 

Upper Cretaceous sandstones and shales exposed in 
Mesaverde National Park were named the Mesaverde 
Group by Holmes (1877); however, in the Caballo 
Mountains—Jornada del Muerto area, most workers 
have considered the Mesaverde a formation (Doyle, 
1951; Kelley and Silver, 1952; Bushnell, 1953). The 
Mesaverde is considered a formation in this study. 
Extensive outcrops of the Mesaverde Formation occur 
throughout the eastern and southeastern portions of the 
study area. Total thickness ranges from 1,006 m 
(Bushnell, 1953) to 1,051 m (Melvin, 1963) within the 
study area. Bushnell (1953) divided the formation into 
two members: the lower main body (Kmm) and the 
upper Ash Canyon Member (Kma). 

The contact between the main body and the Mancos 
Shale is conformable and is excellently exposed along 

Mescal Creek. Alternating beds of sandstone, silt-
stone, shale, and mudstone that attain a thickness of 
about 975 m (Bushnell, 1953) characterize the main 
body. Buff to brown sandstone is the dominant li-
thology and is commonly fine- to medium-grained and 
crossbedded. The sandstone beds, ranging in thickness 
from 30 cm to 6 m, are lenticular with lateral 
continuity usually less than 1.5 km. The olive-gray to 
brown siltstones, shales, and mudstones are generally 
more continuous than the sandstone beds, but thick-
nesses are seldom greater than 2 m. Less than 30 cm 
thick, dark-brown to black bituminous beds occur near 
the base of the main body. Although the main body is 
dominantly sandstone, the sandstone to shale ratio 
tends to decrease down section. Pebbly conglomerate 
lenses may also be found near the top. 

Bivalves occurring in the basal sandstone beds of 
the main body were identified as Inoceramus, Gry-
phaea, and Ostrea (Melvin, 1963; Mason, 1976). 
During this study, well preserved leaf fossils were 
located in the upper part of the main body near the 
wing dam area. The collection (identified by C. 
Robinson, Bureau of Land Management, pers. comm. 
1982) included Sequoia montana, Ficus planicostata, 
cf. Dryophyllum sp., cf. Laurophyllum wardiana, cf. 
Dillenites cleburni, Cercidiphyllum sp., and cf. 
Quercus viburnifolia. Petrified wood is also common 
in the upper sandstone units. 

The Ash Canyon Member intertongues with the 
underlying main body. Because of this intertonguing 
relationship, the contact between the main body and 
the Ash Canyon Member can be mapped only ap-
proximately. Bushnell (1953) measured the Ash Can-
yon Member to be 34 m thick at the type locality 
near Kettle Top; however, in other areas, thickness 
varies by perhaps as much as 10 m. The Ash Canyon 
Member is composed of conglomerate and medium- 
to coarse-grained sandstone. The conglomerate beds 
contain subangular to subrounded pebbles of chert, 
quartz, and petrified wood. The beds tend to be mas-
sive and crossbedded, and they weather to red and 
brown hues. Fragments of petrified wood and nearly 
complete logs were reported by Bushnell (1953) and 
they also were observed in this study. 

Because of the abundance of sandstone, the Mesa-
verde Formation is a resistant unit. However, because 
of steepness of dips, two distinct erosion patterns 
exist. Hogbacks tend to form in exposures west of 
the dam where dips are steep, whereas mesas 
predominate east of the dam where dips are shallow. 

McRae Formation 

Kelley and Silver (1952) named the "red beds" ex-
posed near Elephant Butte the McRae Formation after 
an army fort that existed in the area in the late 1800's. 
The McRae Formation is a thick sequence of non-
marine strata that is primarily exposed from Long 
Ridge east into the Jornada del Muerto. The total 
thickness is believed to approach 975 m (Bushnell, 
1953); however, this thickness is speculative because 
part of the section lies submerged beneath the waters 
of Elephant Butte Reservoir. The McRae Formation 
has been divided into two members (Bushnell, 1953): 
the Jose Creek (Kmj) and the Hall Lake (Kmh). It is 
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generally accepted, based on fossil evidence, that the 
Jose Creek Member is Upper Cretaceous; however, the 
upper Hall Lake Member may be, in part, lower 
Tertiary. 

The Jose Creek Member rests unconformably on the 
Mesaverde Formation. A sequence of sandstone, shale, 
conglomerate, and a unique breccia conglomerate 
compose the Jose Creek Member. At the type locality, 
occurring southeast of Kettle Top, the thickness has been 
measured at 120 m (Bushnell, 1953). 

The breccia conglomerate that crops out along NM-
52, just south of Elephant Butte, is a matrix-supported 
breccia. The matrix is composed of green to gray, 
fine-to medium-grained, angular crystal and lithic 
fragments. The cobble- to boulder-size clasts of 
differing angularity range compositionally from basalt 
to latite and exhibit porphyritic texture. In the breccia 
conglomerate, large xenoliths of Mesaverde sandstone 
also occur as clasts. The breccia conglomerate appears 
to grade laterally into the conglomerate beds. 

The conglomerate beds are massive and consist of 
subangular to subrounded, porphyritic basalt to latite 
cobbles and pebbles that are surrounded by a sandy 
andesitic matrix. Northward, in the vicinity of the 
type locality, the Jose Creek Member consists of 
dark-brown to green sandstone interbedded with olive 
to purple shales, siltstones, and conglomerates. The 
primarily coarse-grained sandstone beds are 30-150 
cm thick, while the more lenticular shale and siltstone 
beds are 30-90 cm thick. The conglomerate beds are 
compositionally similar to those exposed near the 
breccia conglomerate. Cream to tan, 30-60-cm-thick 
chert beds occur near the top of the unit. The Jose 
Creek Member generally erodes to form low hills or, 
where interbedded with shales, ridges. 

The Hall Lake Member composes the greater thick-
ness of the McRae Formation. Bushnell (1953) esti-
mated the total thickness to be 884 m. Because of the 
abundance of nonresistant shales, the Hall Lake 
Member is a valley-former. 

The Hall Lake Member conformably overlies the 
Jose Creek Member. Basal conglomerate, consisting of 
quartzite, gneiss, and granite cobbles, that is up to 3 m 
thick marks the boundary; however, where the 
conglomerate is absent the first purple or maroon shale 
is used for the boundary. The Hall Lake Member is 
composed principally of maroon, purple, and brown 
shale beds up to 120 cm thick. Alternating with the 
shale beds are green to purple, lenticular, medium-to 
coarse-grained sandstone beds and widely scattered, 
30-90-cm-thick, purplish conglomerate beds consisting 
of intermediate volcanic clasts. A few, 3060-cm-thick, 
nodular limestone and ridge-forming chert beds can 
also be found. These chert beds vary in color from 
white to pinkish-white and are recrystallized ash 
deposits as evidenced by the presence of shard struc-
tures in thin section. 

Numerous plant fossils have been found in the Jose 
Creek Member. Bushnell's (1953) floral assemblage 
included Geinitzia cf. formosa, Canna magnifolia, Phyl-
lites cf. ratonensis, Salix sp., and Cinnamonum sp. Dur-
ing this study Sabalites montana, Araucarites longifolia, 
Ficus planicostata, and Sequoia sp. (identified by C. 
Robinson, Bureau of Land Management, pers. comm.  

1982) were collected. In addition, petrified logs and 
trunks, some appearing in place, are common. 

Lee (1905) found remains of a ceratopsian dinosaur 
near Elephant Butte. Six new localities that produced 
fossil bones were discovered during this study. The 
fossils were found both in the Jose Creek and Hall 
Lake Members. It appears that bones exist just above 
and just below the Jose Creek—Hall Lake contact. 
Identifiable remains include ceratopsian frill and jaw 
fragments. However, the most interesting find is a 168-
cm-long femur (Fig. 3) that may be of sauropodian 
affinity (bones identified by D. Wolberg, New Mexico 
Bureau of Mines and Mineral Resources, 1981). For 
more detailed descriptions of the dinosaur fossils, see 
Lozinsky and others (1984). 

Cenozoic 

Cenozoic units cover more than 50% of the study 
area and consist of a variety of sedimentary and ig-
neous rocks. Features produced by igneous activity 
include dikes, basalt flows, maars, and a sill. A major 
component of the sedimentary rocks consists of the 
Santa Fe Group sediments, which are exposed exten-
sively west of the Hot Springs fault. Other sedimen-
tary rocks include pediment, fan, fluvial, and eolian 
deposits. 

Tertiary 

Intrusive sill 

A 15-18-m-thick latite sill (T1) intrudes the lower 
section of the Magdalena Group in the Mud Springs 
Mountains. The sill is generally a cliff-former that 
weathers into blocky fragments. The age is tentatively 
placed at 30-35 m.y. B.P. based on the similarity with 
other rocks occurring in the San Mateo Mountains to the 
north (A. Kudo, pers. comm. 1982). Contacts with the 
Magdalena Group limestone are sharp, with 3060-cm-
thick bake zones. 

Megascopically, the intrusive is light gray to buff 
on fresh surfaces and weathers to a light to yellowish 
brown. The texture is porphyritic, with mainly horn-
blende and minor augite phenocrysts. The hornblende 
occurs as small, dark euhedral laths. The dark 
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phenocrysts constitute about 7 to 10% of the rock. A few 
anhedral quartz phenocrysts are present. The light-
colored, aphanitic groundmass probably consists mostly 
of feldspar. 

Andesite dikes 

A group of predominantly northwest-trending an-
desite dikes (Ta) intrudes Mesaverde and McRae strata 
in the eastern portions of the study area (see Sheet 1, in 
pocket). The dikes are mostly vertical and can extend 
up to 10 km in length; however, most average about 1.5 
km. Thickness ranges from about 60 cm to a rare 
maximum of 8 m. The dikes are gray, fine- to medium-
grained, and can be porphyritic with plagioclase 
phenocrysts. Weathered surfaces vary in color from 
reddish brown to dark gray. Bake zones in Mesaverde 
and McRae bedrock are commonly thin (less than 30 
cm thick) and cause increased induration and redness. 
Although previous workers (Kelley and Silver, 1952; 
Bushnell, 1953) classified the dikes as basalt, Loeber 
(1976) did petrologic studies and determined that the 
composition was andesitic. North of Jose Creek the 
dikes form prominent linear ridges cutting across 
topography; south of Jose Creek they do not form 
prominent ridges (mapping was aided by aerial pho-
tographs). This difference in outcrop pattern may be 
due to the erodability of the country rock in which  

the dikes intrude. Dikes in the north primarily intrude 
the less resistant McRae Formation while dikes in the 
south intrude the more resistant Mesaverde Forma-
tion. Because no formational contacts are offset by 
the dike traces, the dikes are believed to have been in-
truded along joints rather than faults. 

The age of the dikes is not clearly defined. Most 
previous workers (Kelley and Silver, 1952; Loeber, 
1976) have suggested a Pliocene to Pleistocene age. 
The dikes intrude the McRae Formation, but were not 
affected severely by the last major faulting event that 
occurred during the Miocene and Pliocene (Seager, 
1975). They are truncated by the Cutter surface (dis-
cussed in the geomorphology section), which is cov-
ered by the basalt flows. The basalt flows have been 
dated as late Pliocene, 2.1 ± 0.4 m.y. B.P. (Bachman 
and Mehnert, 1978). Therefore, the above cross-
cutting relationships suggest an early to middle Pli-
ocene age for the andesite dikes. 

Santa Fe Group 

Hayden (1873) first proposed the term Santa Fe for 
late Tertiary basin-fill deposits located in the Rio Grande 
rift just north of Santa Fe, New Mexico. Cope (1883) 
suggested that equivalent deposits were present in the 
Caballo area (Kelley and Silver, 1952). These deposits 
were later referred to as the Palomas Gravel by 
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Gordon and Graton (1907) and Harley (1934). The 
Santa Fe was assigned formation status by Darton 
(1922), and eventually it was raised to group status by 
Kottlowski (1953). Speigel and Baldwin (1963), fol-
lowing Bryan's (1938) usage, formally defined the 
Santa Fe Group to include all Middle Miocene(?) to 
Pleistocene(?) sedimentary and volcanic rocks in the 
Rio Grande rift. Galusha and Blick (1971) attempted 
to restrict the Santa Fe Group to a small geographic 
area near Santa Fe; however, this concept has not been 
accepted. The Santa Fe Group in south-central New 
Mexico has been described in detail by Hawley and 
others (1969, 1976), Seager and Hawley (1973), and 
Seager and others (1971, 1975). 

Within the study area, the Santa Fe Group is exposed 
extensively west of the Hot Springs fault filling the 
Engle Basin. These deposits belong to the upper Santa 
Fe Group and are here named the Palomas Formation 
after the Palomas Gravel of Gordon and Graton (1907) 
who described this unit in the Sierra County area 
(Gordon, 1910, p. 237, plate XII). The unit is 
designated a formation rather than a gravel because of 
its varied lithologic character. The Palomas For-
mation, based on rough age correlations, lithologic 
similarities, and geographic position (Table 1), is 
broadly equivalent to the Sierra Ladrones Formation 
to the north (Machette, 1978) and the Camp Rice For-
mation to the south (Strain, 1966; Hawley and others, 
1976). Wells and Granzow (1980) also correlated the 
Palomas Formation (then an unnamed unit) with the 
Camp Rice Formation. Ages for the Palomas Forma-
tion are not known precisely. The lower age limit is 
believed to be early Pliocene based on a faunal as-
semblage from near T or C, which is described later in 
this section. The upper age limit is not defined within 
the study area, but when correlated with the Camp 
Rice and Sierra Ladrones Formations, it would be 
approximately 400,000 to 500,000 years old (Hawley, 
1978; Machette, 1978). Limited data exists on the 
thickness of the Palomas Formation. About 3 km 
northwest of Long Point Island, Loeber (1976) sug-
gested a thickness of about 1,070 to 1,220 m, which 
includes both the upper and the lower Santa Fe Group. 
Information from a drill hole located just north of the 
study area, in SE 1/4 sec. 8, T. 12 S., R. 4 W., showed 
a total thickness of 440 m, of which 180 m belongs to 
the upper Santa Fe Group (Hawley, 1978); however, it 
is not known how the upper Santa Fe Group was 
defined. Generally, the Palomas Formation tends to 
thicken basinward towards the Hot Springs fault. In 
this study, the Palomas Formation is divided into two 
facies, the piedmont (QTpp) and axial (QTpa). Mea-
sured sections of the Palomas Formation are presented 
in Appendix I. 

PIEDMONT FACIES—The piedmont facies rests with 
an angular unconformity on Precambrian, Paleozoic, 
and Cretaceous rocks along the flanks of the Mud 
Springs and Caballo Mountains (see Sheet 1, in 
pocket). Away from the mountains, no lower contact of 
the piedmont facies could be recognized. A dark-red, 
silty clay unit exposed at the bottom of a cliff on the 
south side of the Rio Grande, in secs. 3 and 4, T. 14 S., 
R. 4 W., may be equivalent to the Rincon Valley For-
mation (Seager and others, 1971) of the lower Santa 

Fe Group because it is dark red and silty (J. Hawley, 
pers. comm. 1982); however, due to limited exposures 
this could not be ascertained, and, therefore, the unit is 
included in the piedmont facies. Two subfacies, 
proximal and distal, can be recognized in the piedmont 
facies, but they have not been mapped individually 
due to their complex intertonguing contact. 

The term proximal refers to the local provenance 
and short transport of the sediments. The proximal 
subfacies primarily consists of light-brown to reddish-
brown, poorly sorted, lenticular to weakly stratified 
fanglomerates (Fig. 4). Total thickness of the proximal 
subfacies is unknown, but ranges from a minimum of 
about 3 m in the Cuchillo Negro Creek to more than 30 
m along the Caballo Mountains. Slightly imbricated 
clasts are mostly subangular to angular and can be up 
to 60 cm in size, but are commonly in the pebble to 
cobble range. Paleocurrent readings on imbricated lasts 
indicate a transport direction away from local uplifts 
(see Appendix III). Clast composition of the proximal 
subfacies reflects the lithologies of the nearby uplifts. 
Near the Mud Springs Mountains, clasts of the 
proximal facies are composed predominantly of 
limestone and chert from the Magdalena Group, with 
minor amounts of sandstone from the Abo Formation. 
At the flanks of the Caballo Mountains, the clasts 
range compositionally from primarily sandstone and 
shale from the Mesaverde and McRae Formations in 
the wing dam area to mixtures of limestone from the 
San Andres Formation and Magdalena Group to 
sandstone from the Abo Formation near the southern 
border of the study area. Bed thickness can be from 30 
cm to more than 2 m. Beds tend to become coarser and 
more massive near the uplifts and can exhibit some 
cross-stratification. Deposits of the proximal subfacies 
can be both matrix-supported and clastsupported, but 
the former is more common. In outcrop, clast-
supported beds often grade up into matrix-supported 
beds. Pebbly sandstone to silty sand generally compose 
the matrix. Occasional red clay interbeds that are 30-
120 cm thick are paleosols, as evidenced by increased 
reddening and clay content. The proximal subfacies is 
moderately to very well 
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indurated with calcium carbonate cement, which causes 
the unit to be a resistant cliff-former. 

The term distal refers to a distant source area and 
long transport. Alternating beds of light-pink to dark-
reddish-brown sandy silt, conglomerate, and clay 
compose the distal subfacies (Fig. 5). Along the Cu-
chillo Negro Creek, the distal subfacies is 49 m thick, 
but thickness increases northward (basinward). The 
distal subfacies rests with a slight angular unconformity 
at the base and intertongues laterally with the proximal 
subfacies. Individual beds generally are poorly 
expressed and can be lenticular, especially the con-
glomerate beds. Bed thickness ranges from less than 30 
cm up to 2.5 m, but is usually 60 to 120 cm. Overall, 
the subfacies coarsens upward because the lower beds 
primarily consist of the sandy silt beds, whereas higher 
up in the section the conglomerate beds become more 
numerous. The sandy silt beds commonly can be dis-
tinguished by tonal changes. The poorly to moderately 
sorted conglomerate beds consist of subangular to 
subrounded (most being subrounded) clasts that range 
in size from pebbles to small boulders up to 30 cm in 
diameter. The cobble-size clasts are imbricated and 
compositionally include porphyritic volcanics 
(rhyolites, latites, and andesites), tuffs, basalts, 
quartzite, and sandstone with minor chert and lime-
stone. Similar to the proximal facies, the conglomerates 
are primarily matrix-supported and commonly grade 
down into a clast-supported bed. The matrix consists of 
sandy silt. Paleocurrent measurements on imbricated 
clasts indicate an eastward transport direction for the 
distal subfacies (Appendix III). Scattered throughout 
the unit are 30-90-cm-thick beds and lenses of green 
and red clay. Many of the red clay zones exhibit a 
downward decrease in reddening and clay content, and 
they are believed to be paleosols. Near the Mud Springs 
Mountains in NE 1/4 NE 1/4 sec. 30, T. 13 S., R. 4 W., 
a 90-120-cm-thick, white diatomaceous bed is exposed. 
The abundant and well-preserved diatoms (including 
Denticular elegans var.) are perhaps early Blancan age 
and could be associated with hot spring activity (sample 
identified by J. Bradbury, U.S. Geological Survey, 
written comm. 1982). 

Deposits of the distal subfacies are poorly indurated 
and weather to form the badland topography occur-
ring in the western portion of the study area.  

AXIAL FACIES—Overlying and laterally interton-
guing with the piedmont facies is a thick accumula-
tion of internally cross-stratified sands with scattered 
lenses of gravel and clay, here termed the axial facies. 
The axial facies crops out in a broad zone up to 3 km 
wide that extends through the length of the study area 
and roughly parallels the Hot Springs fault. Light-
gray to buff, moderately well sorted, fine- to coarse-
grained sand composes the bulk of the unit (Fig. 6). 
The sand is generally arkosic and occurs in poorly 
exposed beds up to 2 m thick that are trough cross-
bedded. The sand is poorly indurated, but locally 
coarser sand beds and conglomerates can be indurated 
and form resistant ledges. The cement is pre-
dominantly calcium carbonate; however, silica- and 
iron-manganese-oxide-cemented sands occur locally, 
which may be indicative of hot spring activity. The 
conglomerate clasts are subrounded to rounded and 
generally pebble-sized, but cobble-size clasts can also 
be found. Clasts include quartz, chert, granite, sand-
stone, and a variety of volcanic lithologies. Green to 
red clay lenses and mudballs can be found throughout 
the unit, but not in great abundance. The total thick-
ness of the axial facies is estimated to be at least 30 
m. Occurring just west of T or C, along NM-85, is a 
coarse gravel unit that may be a younger terrace de-
posit; however, no inset contact could be located and 
so it was included with the axial facies. Because of 
the weak to moderate induration, the deposits of the 
axial facies form the low, rolling topography imme-
diately west of the reservoir. 

The age of the axial facies (and of the proximal facies 
due to the intertonguing contact) can be defined ap-
proximately on the basis of dates on faunal and volcanic 
material found both within and near the study area. A 
faunal assemblage dated at about 3.8 m.y. B.P. was 
located by C. Repenning, U.S. Geological Survey (written 
comm. to J. Hawley, 1981) just northwest of T or C in a 
roadcut along 1-25. Fossils identified include aff. 
Oryzomys (rice rat), Prosigmodon intermedium 
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(cotton rat), and Paraneotoma fossilis (pack rat). This 
approximately establishes a lower age limit for the axial 
facies because the green clay lens in which the fossils 
were found occurs in the lower portion of the unit. In 
addition, mastodon, Equus simplicidens (horse), 
Gigantocamelus (camel), and Tapirus (tapir) bones 
were found in the axial facies along the western shore 
of the reservoir (Tedford, 1981). These fossils were as-
signed a medial Blancan age on the basis of strati-
graphic correlation with a basalt flow dated by 
Bachman and Mehnert (1978) at 2.9 m.y. B.P., which is 
interbedded in the axial facies. The basalt flow is 
located north of the study area at Mitchell Point. As 
mentioned earlier, an upper age limit is less well 
defined. Machette (preliminary tephrochronologic 
determination by G. Izett, U.S. Geological Survey, 
1981; M. Machette, written comm. 1982) found a 1.4 
m.y. B.P. (correlated with Cerro Toledo volcanic ash) 
volcanic ash deposit located a few km south of the 
study area. The ash was deposited on top of an axial 
sand inter-tongue in the piedmont facies along the 
western side of the Caballo Mountains, and it probably 
lies in the upper part of the piedmont facies. Younger 
ages have not been found within or near the study area, 
but again, when correlated with the Camp Rice Forma-
tion, the upper age limit may be 400,000 to 500,000 
years (Hawley, 1978). These dates indicate that the 
axial facies (and portions of the piedmont facies) were 
deposited over a span of 3 million years or more. 

INTERPRETATION—The coarsening of the proximal 
subfacies toward the nearby mountains, the similarity 
of clasts to the lithologies of the nearby mountains, 
the angularity of clasts, and the transport direction of 
the clasts away from the uplifts all indicate that the 
proximal deposits were derived from local mountains. 
These deposits are believed to have formed mainly by 
debris flows due to the poorly sorted, massive, and 
lenticular nature of the beds, which is typical of debris 
flows (Bull, 1972; Reading, 1978). In studying 
alluvial fans, Bull (1972) established a set of criteria 
for recognizing alluvial-fan deposits in the strati-
graphic record, which included: 

1) deposit rarely contains well-preserved organic 
material; 

2) deposit commonly consists of mudflow and de-
bris-flow deposits and/or water-laid deposits; 

3) beds within deposit vary in particle size, sorting, 
and thickness; 

4) deposit has intertonguing relation with deposits of 
other depositional environments (e.g., axial 
facies); 

5) deposit contains multiple soil profiles; 
6) beds within deposit are much longer than wide; 
7) particle size decreases away from source area.  

The proximal subfacies exhibit these characteristics (as 
discussed earlier) and, therefore, are interpreted to 
represent alluvial fans that formed at the flanks of the 
local mountains and extended basinward. The fans 
coalesced along the mountain fronts to form a bajada. 

The more rounded, finer grained, and less massive 
distal subfacies suggest a more complex mode of dep-
osition. The finer sediments and rounded clasts in-
dicate a longer transport distance. The porphyritic 
volcanic clasts found within the distal subfacies were  

derived from the Mogollon-Datil volcanic complex 
that comprises the Black Range and Sierra Cuchillos 
some 30 km to the west. The poorly sorted and len-
ticular beds within the unit are again indicative of 
deposition by debris and mud flows (Bull, 1972). 
However, the better sorted beds and rounded clasts are 
an indication of longer transport than the proximal 
facies. 

Several of Bull's (1972) criteria for recognizing al-
luvial fans are present in the distal subfacies. These 
include aspects 1-6 listed above. However, because of 
the widespread existence of the distal subfacies, this 
fan system would have been much larger and more 
complex than the fan system that deposited the 
proximal subfacies. Thus, the distal subfacies was per-
haps deposited by an extensive piedmont-fan system 
that originated at the lower slopes of the Black Range 
and Sierra Cuchillos and extended into the Engle Ba-
sin. This system could have had many shifting chan-
nels prograding out into the Engle Basin, possibly 
similar to the unconfined humid fans and braided 
systems described by Reading (1978). Channels on this 
piedmont fan may have been ancestral Cuchillo Negro 
and Alamosa tributaries. (The Alamosa is a large 
ephemeral tributary to the Rio Grande that lies about 5 
km north of the study area; see Fig. 1.) As the 
piedmont-fan system prograded, bringing coarser 
material from the west, a general upward-coarsening 
sequence resembling the one observed in the distal 
subfacies may have resulted. 

The moderately well sorted, trough crossbedded 
sand of the axial facies is believed to have been de-
posited by an aggrading through-flowing fluvial sys-
tem, the ancestral Rio Grande. Fluvial sand deposits 
can be traced north and south of the study area (Haw-
ley, 1978), which lends support for a through-flowing 
drainage. This fluvial system flowed south and oc-
cupied an area about 3 km wide in the study area, 
much wider than the present-day Rio Grande. Recent 
studies of braided rivers by Cant and Walker (1978) 
and Campbell (1976) found trough crossbedding, 
nondefined channels, and large amounts of sand with 
very small amounts of silt and clay to be important 
characteristics in recognizing deposits of braided sys-
tems. The axial facies show these characteristics and 
thus suggest that the ancient river was a braided sys-
tem. 

Based on contact relationships, deposition of the 
piedmont facies was occurring in the study area before 
deposition of the axial facies began. However, later 
deposition occurred penecontemporaneously, as 
evidenced by the lateral intertonguing contacts be-
tween deposits of the axial facies, proximal subfacies, 
and distal subfacies. Several paleosols found within 
the piedmont facies suggest deposition was not con-
tinuous everywhere; rather specific areas were free of 
deposition to allow for soil formation. Deposition of 
the Palomas Formation ended with the formation of 
the constructional Cuchillo surface about 400,000 to 
500,000 years ago (Hawley, 1978). The Cuchillo sur-
face is discussed in the geomorphology section. 

SUMMARY—The Palomas Formation may be up to 
180 m thick, and it ranges in age from about 3.8 m.y. 
(early Pliocene) to 400,000 to 500,000 yrs B.P. (middle 



18 

Lake Member of the McRae Formation by up to 2 m. 
The valley-fill sediments contain light-brown to buff, 
poorly sorted, loosely consolidated clay, silt, and sand 
with scattered angular to subrounded pebbles and 
cobbles. The scattered clasts are derived from Mesa-
verde and McRae strata and the basalt flows. Sec-
ondary gypsum crystals can be found locally in the 
deposits. Capping the valley-fill sediments is a desert 
pavement primarily consisting of basalt clasts. These 
sediments perhaps represent a back-filling episode 
during development of the Rio Grande. The undif-
ferentiated alluvium in the northeast portion of the 
study area includes pediment gravels developed on the 
southern flanks of the Fra Cristobal Mountains. 

A thin veneer of reworked distal subfacies sedi-
ments that have been deposited on the axial facies 
sediments make up a smaller portion of the undif-
ferentiated alluvium. These deposits occur along the 
western shore of the reservoir (see Sheet 1, in pocket) 
and are distinguished because of the color contrast 
between the reddish, reworked distal subfacies and 
the light-colored axial facies. The reworked 
sediments are less than 2 m thick and consist mainly 
of poorly sorted, weakly stratified, poorly to 
moderately cemented silty sand with scattered, 
subrounded, porphyritic volcanic clasts. In aerial 
photographs, the sediments appear to have been 
deposited by channels that carried debris from the 
distal subfacies across the axial facies and into the 
Rio Grande. However, with later incision the 
channels may have been abandoned, and, because 
they are better indurated than the axial fades, they 
became a positive topographic feature (i.e., reverse 
topography). 

Eolian deposits 

Eolian deposits (Qes) are restricted primarily to 
areas east of the Rio Grande floodplain and are usually 
developed at localities protected by ridges or hills (see 
Sheet 1, in pocket). They are thought to be of 
Holocene age because they overlie the terrace deposits. 
These deposits occur mainly as large featureless sheets 
with minor coppice dunes developed on the sheet. 
Weakly consolidated, white to tan, well-sorted, fine-
grained sand and some silt compose the eolian 
deposits. Because the prevailing winds come out of the 
south and southwest (Kelley and Silver, 1952) and 
because the deposits occur east of the Rio Grande 
floodplain, the major source of the sand is probably the 
floodplain itself. A minor portion may also be derived 
from the axial facies of the Palomas Formation. 
Thicknesses are generally less than 4 m. 

Valley-fill alluvium 

Valley-fill alluvium consists of 1) floodplain depos-
its of the Rio Grande and the Cuchillo Negro Creek 
(Qv1) and 2) ephemeral tributary deposits that grade to 
the Rio Grande and the Cuchillo Negro Creek (Qv2). 
The valley-fill alluvium is considered latest Pleisto-
cene to Holocene in age. Excavations during the con-
struction of the Elephant Butte Dam showed the 
floodplain deposits to be about 30 m thick (construc-
tion blueprints of Elephant Butte Dam, U.S. Bureau of 
Reclamation). Thickness for the tributary deposits is 
inferred to be 30 m or less. 

The floodplain deposits are composed mostly of 
unconsolidated, moderately sorted, fine- to coarse-
grained sand with gravel lenses in channels and 
mainly silt and clay in floodplains. The gravel 
contains angular to rounded clasts of quartz, 
sandstone, and a variety of porphyritic volcanic clasts. 
Clast composition and roundness of the Cuchillo 
Negro Creek bedload is presented in Appendix IV. 
Comparison of these data with data obtained on the 
Cuchillo Negro terrace levels shows no major change 
in clast composition or roundness, which suggests that 
no major shift in source area has occurred. In addition, 
data were collected at two localities on the Cuchillo 
Negro Creek upstream from the study area. One is 
located in the Black Range near the town of Chloride 
and the other is located about halfway between the 
Black Range and the study area, near the town of 
Cuchillo (Appendix IV). As the data indicate, clasts 
are predictably more angular near the Black Range, 
but no significant change in clast composition is 
apparent. Also included in the floodplain deposits is 
an approximately 2-m-high terrace. 

The tributary deposits are composed of a poorly 
sorted mixture of unconsolidated clay, silt, and sand 
with gravel lenses, which are derived primarily from 
the Palomas Formation. Clast size and composition 
are similar to those described in the distal facies. The 
tributary deposits are restricted to the western por-
tion of the study area. In the Cutter sag, drainages 
have very little fill and are developed mainly on bed-
rock, perhaps because drainages in the Cutter sag 
have smaller drainage basins and have to cut through 
more resistant bedrock. At arroyo mouths, the trib-
utary deposits intertongue with and overlap the 
floodplain deposits. 

Summary of Cenozoic units 

The latite sill occurring in the Mud Springs Moun-
tains is thought to be 30-35 m.y. old (A. Kudo, pers. 
comm. 1982). Crosscutting relationships suggest that 
the andesite dikes are early to middle Pliocene in age. 
The Palomas Formation is interpreted to have been 
deposited as alluvial fans (piedmont facies) and by the 
ancestral Rio Grande (axial facies), and it ranges in age 
from Pliocene (3.8 m.y. B.P.) to middle Pleistocene 
(400,000 to 500,000 yrs B.P.; Hawley, 1978). The 
Jornada deposits are perhaps early to late Pliocene in 
age. Bachman and Mehnert (1978) dated the basalt 
flows that overlie the Jornada deposits in the Cutter 
sag at 2.1 ± 0.4 m.y. old. Rock Canyon maar erupted 
during the later stages of Palomas Formation depo-
sition, whereas Rattlesnake and Reservoir maars 
erupted after the deposition of the Palomas Formation. 
Stratigraphic relationships between the Palomas 
Formation, the Mud Springs pediment deposits, the 
Cuchillo Negro terrace deposits, and the valley-fill 
deposits are shown in Figure 8. Undifferentiated al-
luvium includes valley-fill and pediment deposits oc-
curring in the Cutter sag and reworked piedmont fades 
sediments of the Palomas Formation deposited along 
the western shore of the reservoir. Eolian sand-sheet 
deposits can be found mainly east of the Rio Grande 
and are probably Holocene in age. 
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Geomorphology 

Major geomorphic features in the study area consist 
of terraces, pediments, and two regional geomorphic 
surfaces, the Cutter and the Cuchillo. The geomorphic 
features were formed by either erosional or deposi-
tional processes. A discussion on the present course of 
the Rio Grande is also included in this section. 

Cutter surface 

The Cutter is a regional surface and is hereby de-
fined as that erosional surface in the Cutter sag that 
has beveled Mesaverde and McRae bedrock within the 
study area. It is commonly covered by the Jornada 
deposits and, in places, capped by the basalt flows. 
Kelley and Silver (1952) originally named the surface 
Jornada; however, Hawley and Kottlowski (1969) 
used the same term for a much younger surface in the 
southern Jornada del Muerto. So, to avoid confusion, 
the name Cutter has been adopted for this area. 

Within the study area, the Cutter surface generally 
slopes to the west as indicated by the westward flow 
direction of the basalt. In the past, the Cutter surface 
may have covered most of the Cutter sag and perhaps 
graded to the former level of the Engle Basin. Later 
incision caused by uplift along the Hot Springs fault 
probably resulted in the removal of much of the Cutter 
surface. Remnants of the Cutter surface remain only  

in the southeastern corner of the study area and be-
neath the basalt flows. Presently, at its lowest point, 
the Cutter surface stands about 150 m above the pres-
ent base level. 

The Cutter surface is believed to have formed dur-
ing a period of little or no movement along the Hot 
Springs fault. A quiescent period would have allowed 
the ancestral drainages in the Cutter sag (e.g., McRae 
and Jose Creeks) to gradually erode the bedrock to a 
common base level rather than having the drainages 
deeply incise the bedrock. The gradual wearing down 
of the bedrock by erosion would have tended to pro-
duce a relatively flat, undulating surface. The age of 
the Cutter surface is probably early to late Pliocene 
because the surface cuts the andesite dikes, but it is 
covered by the 2.1 ± 0.4 m.y. old basalt flows. In 
addition, the Cutter surface may be correlative with 
the angular unconformity between the Abo Formation 
and the piedmont facies exposed along Cuchillo Neg-
ro Creek. 

Cuchillo surface 

The Cuchillo surface is a constructional surface of 
regional extent that marks the end of deposition of the 
Palomas Formation. It occurs as a dissected, slightly 
undulating surface that gently slopes to the southeast 
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in the northwestern corner of the study area and as 
isolated remnants along the flanks of the Mud Springs 
Mountains (diagonally ruled area on Sheet 1). To the 
west, outside the study area, the Cuchillo surface be-
comes an almost continuous surface merging with the 
Palomas surface around the Mud Springs Mountains 
and extends westward to the Black Range and the 
Sierra Cuchillos. Within the study area, the original 
Cuchillo surface would have graded eastward to the 
former level of the ancestral Rio Grande. Subsequent 
erosion and dissection have resulted in the present 
remnant surface, which is now at its lowest point, 
about 140 m above the present base level. A thick, 
pedogenic calcium carbonate horizon (Appendix I, 
section 2) occurs near the surface, and scattered 
patches of desert pavement occur on the surface. The 
Cuchillo surface formed when aggrading of the 
Palomas Formation by alluvial-fan deposition ceased 
due to the initial incision of the Rio Grande. The 
surface is constructional within the study area because 
no erosion of the beds has occurred since the 
sediments were initially deposited. Outside the study 
area and towards the mountains to the west, the 
Cuchillo surface may be erosional. 

The absolute age of the Cuchillo surface is not well 
defined within the study area; however, based on the 
volcanic ash discussed in the stratigraphy section, it is 
believed to be younger than 1.45 m. y. because about 
30 m of Palomas Formation sediments overlie the ash. 
Hawley (1978, p. 103) has correlated the Cuchillo sur-
face with Jornada I and La Mesa surfaces of the Las 
Cruces area. This correlation places the age of the 
Cuchillo surface between 250,000 and 1,500,000 years 
(Gile and others, 1981, p. 38). However, the Cuchillo 
surface predates the initial incision of the Rio Grande, 
which occurred about 400,000 years ago (Gile and 
others, 1981, p. 47). Moreover, the upper basin-floor 
deposits of the Camp Rice Formation contain ashes 
dated at 700,000 and 600,000 years (Gile and others, 
1981, p. 47), and these basin-floor deposits are broadly 
equivalent with the axial facies of the Palomas For-
mation (see Table 1). Therefore, based on the above 
discussion, the age of the Cuchillo surface can be 
bracketed between 400,000 and 500,000 years (middle 
Pleistocene) within the study area. Kelley and Silver 
(1952) thought the Cutter and the Cuchillo surfaces 
were once continuous, but the age differences pre-
sented here do not support that interpretation. 

Pediments associated with 
local mountain ranges 

Localized pediment surfaces include a series along 
the eastern and southern flanks of the Mud Springs 
Mountains and a few small remnants along the west-
ern base of the northern Caballo Mountains (Sheet 1, 
in pocket). The pediments have developed on the 
piedmont facies of the Palomas Formation and are 
covered by gravels of the Mud Springs and Caballo 
deposits. 

Three pediment levels, including their associated 
deposits, have been recognized along the Mud Springs 
Mountains (Fig. 9). The highest pediment level is as-
sumed to be the oldest based on height and preser- 

 

vation (most dissected), and so is designated as 
pediment level 1. Level 2 is of intermediate age, and 
level 3 is the youngest because it is the lowest and 
best preserved. Pediment level 3 was traced to grade 
into terrace level 3 (terrace levels are discussed in 
the next section), implying that the higher pediment 
levels may be broadly equivalent to terrace levels 1 
and 2. 

Only one pediment level and associated deposits 
have been recognized along the northern Caballo 
Mountains. The distal regions of this pediment level 
have been removed by lateral erosion by the Rio 
Grande. Possibly, the Caballo pediment originally 
may have graded to Rio Grande terrace level 3. The 
Mud Springs and Caballo pediment levels are 
interpreted to have formed during stable base-level 
periods as the Rio Grande underwent incision 
episodes. Ages for the Mud Springs and Caballo 
pediments are discussed in the next section. 
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Terraces 

Five terrace levels have been recognized along the 
Rio Grande and Cuchillo Negro Creek. They are 
inset, erosional (strath) terraces cut into the Palomas 
Formation and some Mesaverde strata. The terrace 
levels have been designated by numbers based on 
elevations above the floodplain (Fig. 10). Therefore, 
terrace level 1 would represent the oldest and highest 
level above the floodplain, while level 5 would 
represent the youngest and lowest terrace level. Table 
2 shows the terrace levels and associated elevations. 
Gradients for a rather continuous portion of the three 
lower Cuchillo Negro terraces and for the present 
Cuchillo Negro Creek are also shown in Table 2. A 
difference is apparent in the gradients of levels 3 and 
4 (both 0.012) when compared with the gradients of 
terrace level 5 (0.009) and the present gradient 
(0.010). Terrace levels 1 and 2 have not been found in 
Elephant Butte Canyon. 

Absolute ages for the terrace level) (and pediment 
levels) are unknown because no datable material has 
been found. Ages generally are believed to range from 
middle to late Pleistocene because the terraces must be 
younger than the Cuchillo surface, but terrace level 5 
may be early Holocene. Hawley and Kottlowski 
(1969) have recognized and established approximate 
ages for geomorphic surfaces in the Las Cruces area, 
and these levels have been recognized by Hawley 
(1965) as far north as the Rincon area, located about 
30 km south of the study area. The terrace and the 
pediment levels in the study area may correlate with 
the surfaces found farther south; however, it must be 
stressed that this correlation is based solely on 
similarities in height above the present base level, and 
that the terraces have not been traced physically 
southward. Table 3 shows the possible correlations. 
The Tortugas and Picacho deposits have not been 
precisely dated, but they are known to be older than 
the C" dated fills (Leasburg and Fillmore alluviums) 
and younger than the middle Pleistocene basalt flows 
capping La Mesa surface (Gile and others, 1981). 

Present course of Rio Grande 

Part of this investigation involved the study of the past 
and present course of the Rio Grande as it mean  

ders across the Hot Springs fault. This section briefly 
describe s the present coursethe Rio Grande including, 
the portion that lies submerged beneath the water, of 
Elephant Butte Reservoir. The description of th

e
 

submerged portion is based on a topographic map 
(1:24,000) surveyed in 1908 by the U.S. Bureau of 
heclamation. In addition, this section addresses the 
question of why the Rio Grande crosses the Hot Sr rings 
fault to cut into more resistant bedrock rather t

h
an 

continuing to cut into the basin-fill sediments Palomas 
Formation). 

The Rio Grande generally follows a meandering 
course through the study area (see Sheet 1, in pocket) 
with its floodplain width controlled by bedrock li-
thology. The floodplain broadens on the west side of 
the fault in the less resistant Palomas Formation and 
narrows on the east side of the fault in the more 
resistant McRae and Mesaverde strata. On the east 
side of the fault the river is superposed as it cuts 
across the structural grain of the Mesaverde strata. 
The Rio Grande crosses the Hot Springs fault a total 
of six times in the vicinities (from north to south) of 
Long Point Island, Rattlesnake Island, and Long 
Ridge. In only a few places along the Rio Grande rift 
does the river cross the rift-bounding fault to cut into 
the marginal uplifts. 

The crossings near Long Point and Rattlesnake Is-
lands appear as meander loops that have cut laterally 
into the McRae Formation at the maximum distance 
of about 1.0 and 0.5 km, respectively. The crossings 
near Long Ridge seem more complex than a simple 
lateral cutting of a meander because the river follows 
a more complicated course around Long Ridge and 
lies much farther east of the fault (2.1 km at its max-
imum distance). 

Few workers have offered explanations about why 
the river crosses the Hot Springs fault. It has been 
suggested by Kelley and Silver (1952) that in the past 
the Rio Grande flowed over a higher surface, perhaps 
the Cutter, and became entrenched due to uplift on the 
east side of the fault. However, there are some 
inconsistencies in this theory. If the Cutter surface was 
the higher surface on which the river once flowed, it 
would be very difficult to explain the deposition of the 
axial facies of the Palomas Formation on the west side 
of the fault from 3.8 m.y. ago to perhaps 400,000 
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yrs ago because the Cutter surface is thought to be 
older than 2.1 m.y. If the Rio Grande shifted after 
400,000 yrs ago, there was not enough uplift along the 
Hot Springs fault to aid in entrenchment. Movement 
on the Hot Springs fault is interpreted to have ended 
after the initial incision of the Rio Grande, which 
occurred about 400,000 yrs ago (Gile and others, 
1981). Also, no terrace deposits were found on Long 
Ridge that would have recorded an eastward shift of 
the ancestral river (however, terrace deposits on Long 
Ridge could have been removed by erosion). 

Possibly the strongest argument against the river 
flowing over any surface on the east side of the Hot 
Springs fault has to do with the Cuchillo surface. As 
stated earlier, the Cuchillo surface represents the 
highest aggradation of the Rio Grande. Projection of 
the Cuchillo surface profile eastward does not clear 
Long Ridge, but intersects it at least 8-14 m below the 
crest (Fig. 11). The height difference probably was not 
caused by movement along the Hot Springs fault 
because little to no movement is interpreted to have 
occurred since the initial incision of the Rio Grande. 
Hence the Rio Grande has never aggraded high enough 
to have migrated over Long Ridge. 

At Long Point and Rattlesnake Islands, the cross-
ings of the Rio Grande are believed to have resulted 
from lateral cutting by meanders because they occur 
only a short distance east of the fault, they have cut 
into only the less resistant McRae Formation, and 
they have no major obstacles such as ridges in their 
migration paths. The migration must have occurred 
before Rattlesnake maar eruptions because if the mi-
gration had occurred after the maar eruption, the 
maar probably would have been eroded by the 
migrating river. The Long Ridge crossing is believed 
to have a different interpretation. 

The Long Ridge interpretation begins with the Rio 
Grande flowing on the west side of the Hot Springs fault 
through the wing dam area (see Sheet 1, in pocket). A 
tributary of the Ash Canyon—Jose Creek system, 
headwardly eroding northward between Long Ridge and 
Elephant Butte, is hypothesized to have captured the 
river just south of Rattlesnake Island and pirated it 
around Long Ridge. The tributary originally would have 
flowed on the Cutter surface and subsequently would 
have been aided by uplift that occurred before 400,000 
yrs ago. The uplift enabled the tributary to cut through 
any structural controls. Field evidence indicates that 
piracy may have occurred during or just  

after terrace level 2 time. Cuchillo Negro terrace levels 
1 and 2, occurring north of Mim's Lake, appear to be 
entering the Rio Grande at that point. Paleocurrent 
measurements at this locality indicate a southwest 
flow direction that would support the hypothesis that a 
river flowed through the wing dam area (Appendix 
III). Rio Grande terrace levels 1 and 2 have not been 
found in Elephant Butte Canyon, which may indicate 
that the Rio Grande did not flow through the canyon at 
that time to form those terrace levels. Consequently, 
the absence of terrace levels 1 and 2 in Elephant Butte 
Canyon establishes the timing of the piracy because 
terrace levels 3, 4, and 5 are found in the canyon. 
Finally, the interpretation is consistent with the 
historical interpretation that the Cuchillo surface does 
not extend over Long Ridge. 

This interpretation is not without problems. In El-
ephant Butte Canyon, Rio Grande terrace levels 1 and 
2 may have been deposited and later removed by 
erosion. A more important problem is the absence of 
terrace deposits in the wing dam area. However, scat-
tered granite, chert, and clasts of McRae Formation 
are found in the wing dam area, which could only 
have been derived from farther upstream and may 
represent reworked terrace deposits. In addition, a 
tectonic slice of Mesaverde strata occurring west of 
the main branch of the Hot Springs fault suspiciously 
appears to have been beveled at about 35 m above 
base level (or terrace level 2 height), perhaps by the 
Rio Grande. Therefore, based on the above discus-
sion, the most feasible interpretation appears to be 
that the Long Ridge crossing of the Rio Grande is the 
result of stream piracy and capture. 

Summary 

Two regional surfaces occur in the mapped area, the 
erosional Cutter and the constructional Cuchillo. The 
age of the Cutter surface ranges from early to late 
Pliocene, whereas the age of the Cuchillo surface is 
interpreted to be middle Pleistocene (400,000 to 
500,000 yrs ago). The pediment and terrace levels are 
interpreted to have formed during stable periods in the 
history of the Rio Grande. Their ages range from mid-
dle Pleistocene to early Holocene. Crossings of the 
Hot Springs fault by the Rio Grande at Long Point and 
Rattlesnake Islands resulted from laterally cutting 
meanders. The Long Ridge crossing is thought to have 
resulted from stream piracy and capture. 



Structure 

Structures within the study area primarily occur east 
of the Hot Springs fault (see Sheet 1, in pocket). No 
deformation has been observed in the Santa Fe Group 
sediments, except near the Hot Springs and the T or C 
faults where the beds become tilted and warped. Kelley 
and Silver (1952) recognized several episodes of 
deformation in the region; however, most of the 
present topography and prominent structures are the 
result of Laramide and Rio Grande rift tectonic 
activity. Descriptions of the folds and faults are limited 
to a general discussion on trends and dynamics because 
most of these structures formed before the Pliocene 
and, therefore, are not a part of the late Cenozoic 
history. Because of the importance of the Hot Springs 
fault to the late Cenozoic history, it will be  

discussed separately. For summarized information on 
individual structures, see Figure 12 and Appendix VII. 

Folds 

The larger folds in the study area (those exceeding 
100 m in length) are characteristically open and up-
right. Trends on folds range from N. 75° W. to N. 
55° E., with plunges usually less than 30° to the west 
and south. Fold-limb dips seldom exceed 20°. Most 
larger folds are symmetrical, except for a few located 
in the southeast corner of the study area, just north of 
NM-52. Many of the large folds are either nearly 
parallel or normal to the major fault trends. Trends 
with shallow oblique angles to faults are rare. 
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Kelley and Silver (1952) recognized an overturned 
syncline located in the vicinity of T or C. Because 
most of the bedrock involved in the folding lies 
buried beneath the Palomas Formation, this is an 
inferred structure and therefore has not been mapped. 
In T or C, dips in isolated outcrops of Magdalena 
Group limestone are overturned about 70° to the 
southwest. When approaching the Mud Springs 
Mountains, however, the beds steepen along strike 
and eventually become right-side-up, dipping at 26° 
to the northeast in the Mud Springs Mountains. The 
syncline is interpreted as plunging to the south and its 
axial plane may be nearly horizontal. In addition, a 
few minor, overturned folds are present in the 
northern Caballo Mountains, but they have not been 
mapped because of their small size. 

Scattered throughout the Cutter sag, northern Ca-
ballo, and Mud Springs Mountains are numerous small 
folds that rarely exceed 100 m in length. Trends vary 
greatly, but most seem to be north—northwest-trend-
ing folds. The small folds are primarily open, sym-
metrical, and upright and seldom occur in sets. A fold 
along Long Ridge has a curved axial trace, perhaps 
due to drag along the Hot Springs fault. 

Faults 

Faults outnumber folds in the study area and form 
many of the contacts between formations observed in 
the Cutter sag. Based on fault trends and linear 
extent, the faults can be grouped into two types: 1) 
northnortheast-trending faults with traces generally 
longer than 1.5 km and 2) randomly trending faults 
with traces generally shorter than 1.5 km. 

The type 1 faults show primarily normal movement 
with a very minor strike-slip component. Exceptions 
are the Hot Springs fault and a pair of faults located 
north of Kettle Top, which do show some strike-slip 
motion. In the latter case, a syncline has apparently 
been offset horizontally by about 3 km. No type 1 
faults show reverse motion. Fault-plane dips are typ-
ically steep, ranging from about 40° to nearly 
vertical, with most faults downthrown to the west. 
Strati-graphic throw ranges from about 3 m to more 
than 300 m, but most are in the 30-m range. Tectonic 
slices occur in a few of the fault planes. Notably, the 
fault located just east of Elephant Butte has slices of 
Mesaverde and McRae strata caught within the fault 
plane. Because many type 1 faults juxtapose resistant 
units with less resistant units (i.e., Mesaverde with 
McRae), the topographic expression of the faults can 
be very prominent. 

As stated earlier, type 2 faults have several trends, 
but most are about normal to the type 1 faults. They 
also show primarily normal motion, with fault-plane 
dips ranging from 60° to 80°. Stratigraphic throw on 
type 2 faults is generally less than 30 m. Included in 
this fault group is a reverse fault located in T or C, 
which offsets Palomas and Magdalena strata. At about 
the same location, a much larger fault may exist. Here, 
the contact between the axial facies and the piedmont 
facies drops about 6 m across the arroyo, but no fault 
trace has been found. Kelley and Silver (1952) spec-
ulated that a large, normal fault separating the Mud 

Springs uplift from the Palomas Basin exists in the area. 
It is this inferred fault or a branch of it that may be 
responsible for the drop in the facies contact. 

Hot Springs fault 

The Hot Springs fault is the most prominent struc-
tural feature in the study area. It extends the entire 
length of the study area (Fig. 13), a distance of more 
than 15 km, trending N. 20°-30° E. Much of its trace 
lies submerged beneath the waters of Elephant Butte 
Reservoir, but before the reservoir was filled the fault 
was mapped at about the same position (Lee, 1907a). 
The fault splays into several branches in the south. 
This splaying also may occur where the trace is hidden 
beneath the reservoir. The pair of faults that displace 
the syncline in the northern part of the study area 
could be branches of the Hot Springs fault. North of 
the study area, Warren (1978) mapped the Hot Springs 
fault as two splay segments, with the western segment 
ending in the Santa Fe Group sediments and the 
eastern segment, which he calls the Walnut Creek 
fault, continuing to form the range-bounding fault for 
the Fra Cristobal Mountains. To the south, the Hot 
Springs fault merges with the Caballo fault to become 
the range-bounding fault for the Caballo Mountains 
(Mason, 1976). 

The Hot Springs fault is a normal fault downthrown 
to the west and dipping about 70°-80° to the west. In 
addition, strike-slip motion also has occurred as evi-
denced by the apparent 460-m right-lateral offset of 
the San Andres Formation east of T or C. Kelley and 
Silver (1952) suggested that the westward bend of the 
units in the northern Caballo Mountains is the result of 
left-lateral drag. However, Mesaverde Formation beds 
in the Long Ridge area do not show this bend, and, 
therefore, it is thought that the bend may represent a 
fold that has been truncated by the fault. In fact, the 
Mesaverde Formation beds exhibit a slight right-
lateral drag as does a fold axis near Long Ridge. The 
stratigraphic throw on the Hot Springs fault is 
variable. Based on gravity data, Loeber (1976) calcu- 

 
FIGURE 13—Aerial view, looking north, of the Hot Springs fault 
and associated splays in the wing dam area. Mim's Lake (cutoff 
meander) is in the foreground and Fra Cristobal Mountains are in 
the far distance. Note that Hot Springs fault does not offset the 
Qtr, terrace. 
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lated a displacement of at least 1,070 m near Long 
Point Island. Mason (1976) estimated displacements 
between 610 and 2,740 m in the northern Caballo 
Mountains. Near the wing dam, the displacement 
must be at least 1,220 m because lower Mesaverde 
strata abut Palomas sediments. 

Age of structures 

The overturned folds in the study area formed during 
the Laramide orogeny (Kelley and Silver, 1952). The 
open and upright folds are thought to be younger. The 
folds are cut by the faults occurring in the Cutter sag. 
Movement on these faults must have ended before the 
formation of the Cutter surface because no offset is 
seen in the Cutter surface. Because the Cutter surface 
is interpreted to have formed during early to late 
Pliocene, the open folds would have formed before 
early Pliocene. Kelley and Silver (1952) suggested that 
these folds are of Miocene age and formed during the 
early stages of Rio Grande rifting. 

Most of the faulting in the study area occurred be-
fore the emplacement of the andesite dikes. Little to 
no displacement is seen on dikes that are cut by faults, 
even though the faults have had more than 100 m of 
stratigraphic offset. Moreover, because the Cutter sur-
face was not offset, faulting in the Cutter sag must 
have ceased before formation of that surface. Activity 
along the Hot Springs and related faults appears to 
have continued because these faults involve the Palo-
mas Formation. Movement on the Hot Springs fault 
has been episodic, as indicated by lower beds along 
the fault plane that are more deformed than higher 
beds (Fig. 14). The episodic movement implies that 
sufficient time existed between faulting events to al-
low sediment accumulation along the fault scarp. The 
horizontal movement of the Hot Springs fault is 
thought to have occurred early in its history, before 
Palomas Formation deposition. This is supported by 
the following observations: 1) Palomas fanglomerates 
(proximal subfacies) consisting of clast types derived 
from the adjacent formations in the Caballo Mountains 
do not appear to be displaced horizontally and 2) no 
landforms generated by horizontal movement are seen 
in the present topography (e.g., offset drainages). 
Despite the apparent 460-m horizontal movement 
early in its history, vertical movement has been the 
dominant motion of the Hot Springs fault before, 
during, and after Palomas Formation time, as indicated 
by the 1,070 m of vertical separation. 

 

Episodic movement probably continued on the Hot 
Springs fault until the Cuchillo surface formed. How 
long movement continued following Cuchillo surface 
formation is unclear. Loeber (1976) noted the Hot 
Springs fault did not offset Rattlesnake maar deposits, 
but due to high water level during the present study 
this could not be substantiated. Rattlesnake maar is 
interpreted as having been deposited in the initial 
incised valley of the Rio Grande, which suggests that 
activity had ceased before its deposition. Also, Rio 
Grande terrace level 3 deposits, which overlie the Hot 
Springs fault near Mim's Lake, are not offset by the 
fault (Fig. 13). Based on the data above, it can be 
concluded that little to no movement has occurred on 
the Hot Springs fault since the time of initial incision 
of the Rio Grande. 

The significance of the structural data to the late 
Cenozoic history is that faulting in the Cutter sag 
ended before the formation of the Cutter surface, but 
episodic movement along the Hot Springs fault con-
tinued until the time of initial incision of the Rio 
Grande. These conclusions are in general agreement 
with the findings of Chapin and Seager (1975) in the 
Socorro and Las Cruces areas of the Rio Grande rift. 
They determined faulting activity was greatest during 
late Miocene and Pliocene, with activity decreasing 
during the Quaternary. Currently, the Elephant Butte 
area is seismically inactive (Sanford and others, 1981). 

Late Cenozoic history of the Elephant Butte area 

The late Cenozoic history of the study area is based 
on the interpretations discussed in the previous chap-
ters. To more clearly present these interpretations, the 
late Cenozoic history has been divided into seven 
stages. The stages range in age from Pliocene to the 
present. Schematic maps and cross sections depicting  

the position of important features through time have 
been constructed for each stage and are presented 
on Sheet 2 (in pocket). These maps and cross 
sections represent episodes in time and show how 
the study area may have evolved. 

The maps and cross sections are based on a reduc- 
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tion of Sheet 1 so that accurate placement of important 
features is maintained. In the explanation of the stages, 
the numbers or letters in parentheses (e.g., 1 or L.R.) 
correspond to the location of important features on the 
maps and cross sections (See Sheet 2, in pocket). 

Stage I 

The interpretation begins with the early phases of 
deposition of the Palomas Formation, before the an-
cestral Rio Grande flowed through the study area. The 
age is believed to be early Pliocene. At that time, the 
major uplifts (1) were almost at their present el-
evations (Seager and Chapin, 1975), and the Engle 
Basin was probably an internally drained bolson with 
a playa (2). Along the major uplifts, sediments of the 
proximal subfacies were being deposited as alluvial 
fans (3). The coalescing of the local fans formed a 
bajada. Sediments of the distal subfacies (4) were 
being deposited by the shifting braided channels of the 
piedmont-fan system, which has its origins in the 
Black Range and Sierra Cuchillos to the west. The Hot 
Springs fault (5) was inactive, which allowed for the 
development of the Cutter surface (6) by the ancestral 
drainages in the Cutter sag. The Cutter surface prob-
ably graded to the surface level of the Engle Basin 
across the Hot Springs fault. 

Stage II 

By 3.8 m.y. ago, the ancestral Rio Grande estab-
lished itself on the west side of the Hot Springs fault. 
The braided river system (7a) flowed south and was 
perhaps as much as 3 km wide. Renewed activity 
along the Hot Springs fault (5) uplifted the Cutter sag 
and caused the Engle Basin to subside. Movement on 
the Hot Springs fault was episodic. The subsidence 
increased aggradation in the Engle Basin. Sediments 
of the proximal subfacies (3) continued to be depos-
ited as alluvial fans along the major uplifts (1) and 
also along the scarp of the now active Hot Springs 
fault. However, deposition of the distal subfacies 
sediments increased. The piedmont fan, depositing 
sediments of the distal subfacies (4), formed a 
complex braided-fan system with many shifting 
channels. One of these channels may have been the 
ancestral Cuchillo Negro Creek. Soils formed on the 
inactive areas of the fan. With aggrading and 
prograding of the piedmont fan towards the ancestral 
Rio Grande, sediments of the piedmont facies 
intertongued with sediments of the axial facies. 
During aggradation of the Palomas Formation, the 
Mud Springs uplift became partially buried, 
especially in the vicinity of T or C. 

About 2.1 ± 0.4 m.y. B.P. basalts erupted along 
fissures onto the Cutter surface (including a possible 
flow over Elephant Butte) and flowed westward (8). 
The eruption culminated with the formation of cinder 
cones. The renewed uplift of the Cutter sag caused 
dissection and initiated the retreat of the Cutter sur-
face (6) by erosion. With uplift, the drainages in the 
Cutter sag incised and superposed themselves on 
structural features. The drainage near Elephant Butte  

is the ancestral Ash Canyon—Jose Creek system (9), 
which is headwardly eroding northeastward. 

Eastward tilting of the Engle Basin by the Hot 
Springs fault probably forced the ancestral Rio Grande 
to flow along the fault throughout Stage II time. 
During the final phases of aggradation, the Rock 
Canyon maar (10) erupted through the axial facies and 
was subsequently buried. The aggregation of the 
Palomas Formation ended with the formation of the 
Cuchillo surface. 

Stage III 

The initial incision of the Rio Grande (7) is thought 
to have occurred about 400,000 yrs ago (Gile and 
others, 1981, p. 47). The incision downcut to level 1, 
reduced river size, and isolated the Cuchillo surface 
(11) from further deposition. Following the end of 
Palomas Formation deposition, erosion became the 
dominant process in the study area, and the Hot 
Springs fault (5) became relatively inactive. The 
Cuchillo Negro Creek (12) also incised and, at its 
confluence with the Rio Grande, formed a wide mouth 
perhaps because of a sudden gradient drop upon 
entering the Rio Grande. (Presently, the Rio Grande 
gradient is about 1 m/km, whereas the Cuchillo Negro 
gradient is about 10 m/ km.) When base level 1 
became stable, pediment level 1 (13) began 
development along the Mud Springs Mountains, 
isolating portions of the Cuchillo surface against the 
mountain front. During pedimentation, differential 
erosion between the better cemented sediments of the 
proximal subfacies and the poorly cemented sediments 
of the distal subfacies formed an erosional scarp (14) 
along the Mud Springs Mountains. 

East of the Hot Springs fault, incision of the Cutter 
surface (6) continued and the basalt flows (8) began to 
be eroded. At that time, a tributary of the Ash 
Canyon—Jose Creek system (9) expanded northward. 
The expansion of the tributary may have been aided by 
capturing and incorporating a north-flowing creek (9a). 
This region is primarily underlain by the less resistant 
Hall Lake Member (Kmh) of the McRae Formation (see 
cross section on Sheet 2). A tributary would be aided 
greatly in its expansion when encountering the Hall 
Lake shales as opposed to the more resistant Jose 
Creek Member (Kmj) and Mesaverde Formation (Kma, 
Kmm). Stage III ended when the Rio Grande incised 
for the second time. 

Stage IV 

Stage IV began with the Rio Grande incising to 
base level 2. The incision formed terrace level 1 (15) 
and began the removal of the Cuchillo surface (11) by 
erosion. Removal of the Cuchillo surface may have 
partially exhumed the buried Rock Canyon maar (10). 
During the second incision, the Cuchillo Negro Creek 
(12) shifted slightly south. When level 2 was stabi-
lized, the Rio Grande (7) started to meander and, 
where the Hot Springs fault (5) has juxtaposed the 
McRae Formation with the Palomas Formation, the 
river laterally cut across the Hot Springs fault at Long 
Point (L.P.) and Rattlesnake Island (R.I.). Level 2 sta- 
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bility enabled pediment level 2 (16) to begin devel-
opment along the Mud Springs Mountains. 

In the Cutter sag, the Cutter surface (6) and the 
basalt flows (8) continued to be eroded. Also, the 
basalt flow associated with Elephant Butte may have 
been eroded away by that time. Meanwhile, the trib-
utary just west of the Elephant Butte (9) continued to 
incorporate the north-flowing creek, and, with in-
creased lateral cutting by the Rio Grande, the two 
drainages intersected (17). This intersection may not 
have been sufficient to capture the Rio Grande be-
cause the gradient difference may not have been great 
enough. However, aided perhaps by plugging or par-
tial plugging of the channel in the wing dam area by 
debris from Cuchillo Negro Creek, the river was 
forced to use the new course east of Long Ridge 
(L.R.). Modern tributaries of the Rio Grande can 
occasionally deposit large amounts of sediment that 
can partially block the channel during flood events (J. 
Hawley, pers. comm. 1982). The capture, coupled 
with renewed incision, ended Stage IV and fixed the 
new course of the Rio Grande at Long Point and 
Rattlesnake Island and around Long Ridge. 

Stage V 

The third incision of the Rio Grande formed terrace 
level 2 (18). During this incision, the Rio Grande (7) 
probably cut a larger channel through Elephant Butte 
Canyon. The Cuchillo Negro Creek (12) and its con-
fluence with the Rio Grande shifted south as a result of 
the stream piracy. Note that terrace level 2 (18) also is 
present in the wing dam area where the river flowed 
before capture. 

Eventually, incision ended and base level 3 became 
stable. Base-level stability enabled pediment level 3 
(19) to begin formation along the Mud Springs and 
northern Caballo Mountains (on the proximal subfa-
cies). Portions of pediment levels 1 and 2 (13 and 16) 
were removed by the development of pediment level 
3. Erosion continued to remove the Cuchillo surface 
(11) and began to erode portions of terrace levels 1 
and 2 (15 and 18). In the Cutter sag, the Cutter 
surface (6) and the basalt flows (8) continued to be 
eroded. During the same period, Kettle Top (K.T.) 
may have become an isolated remnant due to removal 
of the basalt flows. Rattlesnake and Reservoir maars 
(20) may have erupted at this time, forming a crater 
and spraying pyroclastic debris along the Rio Grande. 
Rock Canyon maar (10) has probably become totally 
exhumed. The fourth incision of the Rio Grande 
ended Stage V. 

Stage VI 

Terrace level 3 (21) formed when the Rio Grande 
incised. During this stage, the study area underwent a 
fourth incision to stabilize at base level 4 and a fifth 
incision to stabilize at base level 5. In the process, 
terrace level 4 (22) was formed. Further pedimenta-
tion along the Mud Springs Mountains during the 
stable periods may have been hampered by encoun-
tering the well-cemented sediments of the proximal 
subfacies and by insufficient time between incisions 
for pedimentation. Based on the work of Gile and  

others (1981), the age differences between the older 
terrace deposits and the younger terrace deposits lend 
support to this idea (see Table 3 for ages). The Cuchillo 
Negro Creek (12) shifted northward during the two 
incision episodes. Dissection of the pediment and ter-
race levels continued. Terrace level 2 (18), which was 
present in the wing dam area, may have been removed 
by this time. 

The Rio Grande is at base level 5 in this stage. 
Meanders of the Rio Grande (7) became enlarged in 
the Palomas Formation. The Rio Grande also shifted 
south in the vicinity of present-day T or C, leaving 
behind terrace levels 3 (21) and 4 (22). The Cutter 
surface (6), the basalt flows (8), and the Cuchillo sur-
face (11) have been removed by erosion to just about 
their present position. Finally, perhaps during Stage 
VI time, sand (23) derived from the floodplain and 
axial facies was beginning to be carried by wind and 
deposited in the Cutter sag region. Stage VI ended 
with the sixth incision episode. 

Stage VII 

During the sixth incision episode, the Rio Grande 
cut down to a depth of about 30 m below the present 
base level and then backfilled its channel (depth is 
based on thickness of valley-fill deposits). The incision 
also resulted in the formation of terrace level 5 (24). 
Stage VII represents the study area as it appears today 
(Sheet 2, in pocket). The Cuchillo surface, the basalt 
flows, and the Cutter surface had been eroded back to 
their present areal extent. The various terrace and 
pediment levels that were formed during the previous 
stages now remain as remnants along the major drain-
ages and uplifts. Major processes at this time primarily 
involve 1) lateral channel shifts and some aggradation 
of river floodplain areas, 2) aggradation of arroyo-
valley floors and deposition on arroyo-mouth fans, and 
3) local arroyo incision. However, during the twentieth 
century, human activity has begun to influence the 
course of the Rio Grande. 

Elephant Butte Dam was constructed from 1909-
1916, which caused a large portion of the river's 
course within the study area to be submerged. The 
damming of the Rio Grande has temporarily hindered 
further development of the river and has resulted in 
the formation of a huge sediment trap behind the 
dam. This has greatly affected sedimentation 
downstream, because large floods no longer occur 
below the dam. Also, the Mim's Lake meander was cut 
off and established in its present course by the Bureau 
of Reclamation in the 1940's. 

One can speculate about developments that might 
have occurred if the Rio Grande had been left un-
hampered by human activity. At Long Point and Long 
Ridge, opposing meanders can be seen cutting laterally 
into the Palomas Formation on the west side of the 
Hot Springs fault (Sheet 2, in pocket). If the meanders 
had been allowed to continue to cut towards one 
another, and barring possible meander cutoffs, the Rio 
Grande would have had the potential to reestablish 
itself on the west side of the Hot Springs fault and the 
course through Elephant Butte Canyon would have 
been abandoned. 



Conclusions 

1. Palomas Formation ranges in age from 3.8 m.y. 
(early Pliocene) to 400,000 to 500,000 yrs B.P. 
(middle Pleistocene). 

2. Piedmont-facies sediments were deposited by 1) 
alluvial fans deriving detritus from the local uplifts 
and 2) a large piedmont-fan system deriving de-
tritus from the Black Range and the Sierra Cuch-
illos. 

3. Axial-facies sediments were deposited by the an-
cestral Rio Grande that flowed through the study 
area by 3.8 m.y. B.P. 

4. Pediment and terrace deposits, inferred to range in 
age from middle Pleistocene to early Holocene, 
formed during stable base-level episodes. 

5. Cutter surface ranges in age from early to late 
Pliocene, and the Cuchillo surface is interpreted to 
be middle Pleistocene. 

6. Crossings of the Hot Springs fault by the Rio 
Grande at Long Point and Rattlesnake Islands re-
sulted from laterally cutting meanders, whereas the 
Long Ridge crossing is interpreted to be the result of 
stream piracy. 

7. Crossings occurred either during or just after terrace 
level 2 time. 

8. Faulting in the Cutter sag ended before the for-
mation of the Cutter surface. 

9. Movement along the Hot Springs fault was episodic 
and continued until the initial incision of the Rio 
Grande. 

10. Potential exists for the Rio Grande to reestablish its 
course west of the Hot Springs fault. 
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Appendix I—Measured sections 
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Appendix II—Linear regression programs 

 

 



Appendix III—Paleocurrent readings 

The following are rose diagrams and associated data 
tables for paleocurrent measurements on imbricated 
clasts that were based on 50 measurements per lo  

cality. the counting localities (f) are shown on Sheet 1 
(in pocket). The direction on the Azimuth scale is in 
degrees. 
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Appendix VII—Fault and fold data 

Fault data on major faults 
(See Figure 12 for locations) 
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Selected conversion factors* 
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