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DESCRIPTION AND QUATERNARY HISTORY OF THE CAMPO GRANDE FAULT
OF THE HUECO BASIN. HUDSPETH AND EL PASO COUNTIES.
TRANS-PECOS TEXAS

ABSTRACT

The Hueco Basin of Trans-Pecos Texas and Chihuahua. Mexico. formed in
response to Basin and Range extensional tectonism that began about 24 Ma ago and
continues to the present. The southeastern arm of the basin is asymmetrical with
the thickest sediments deposited along the fault-bounded basin axis near the
southwestern flank. Approximately 45 km long and striking northwestward, the
Campo Grande fault is 12 km from the northeastern basin edge: it divides the
downthrown. central part of the basin (>2.000 m of fill) from the shallower (175 m)
northeastern flank. Another major northwest-striking fault dips northeastward and
bounds the southwestern basin margin in Mexico.

The Campo Grande fault trend is composed of at least 17 en echelon fault
strands that are 1.5 to 10 km long, and have strikes of N25° to 75°W. Dips are
between 60 and 90° southwest. Displacements decrease near terminations of strands.
Grooves on fault planes indicate mostly dip-slip movement. Fault scarps have been
modified by erosion of the footwall and deposition on the hanging wall. Erosion-
resistant caliche (stages IV to V) at the surface aids in preserving scarp heights of
between 1.5 and 11.5 m and scarp slopes of 4 to 17°.

Analysis of faulted upper Te‘rtiary and Quaternary units indicates that successively
younger units have lesser amounts of displacement. Maximum vertical offset

measured across fault strands cutting the middle Pleistocene Madden Gravel (0.6 to



04 Ma old). which caps the Camp Rice Formation, is §about 10 m. Repeated arroyo
incision and fluvial aggradation since the middle Pleistocene have developed Pleistocene
terraces that are locally correlative and are mappgd as parts of the regionally
outcropping Ramey and Balluco Gravels. Holocene terraces also occur. Maximum
throws across fault strands that cut Ramey terraceﬁs (0.25 to 0.15 Ma old?) are
2.5 to 3 m. but some Ramey deposits overlie faultg strands and are not faulted.
Offset of Balluco (0.1 to 0.025 Ma old?) and Hoio"cene terraces has not been
observed at fault Strands that cut Ramey terraces. Thie average recurrence interval is
0.1 Ma (ma‘ximurﬁ). and the last faulting episode was late Pleistocene. On the
downdropped block of one fault strand, faulted calcic horizons (0.5 to 1.0 m thick:
stage YIII) with vertical separations of 1 to 2 m indijcate at least five episodes of
movement, deposition, and surfaée stabilization du}ing the last 0.6 to 0.4 Ma.

Maximum vertical offset during the last faulting event Was about 1 to 1.5 m.
INTRODUCTION

The Campo Grande fault is a major fault zone |n the southeastern Hueco Basin
of Trans-Pecos Texas (fig. 1). It is composed of a series of en echelon normal
faults. Quaternary strata are offéet and scarps are exdressed at the surface along the
fault trend. Documentation of the history of fault movement is important because an
area 2 to 5 km north of the fault is being studied as a site for a proposed low-level
radioactive waste repository (fig. 1). Data on Quat‘er?nary faulting are important for
assessing potential earthquake hazards and for designing a safe repository (Slemmons
and dePolo. 1986). Knowledge of the Campo Grande fault also provides information
on the development of the Hueco Basin and Basin and Range faulting history of the

region. This report provides a detailed description of the fault and discusses the



Quaternary history of fault movement. Interpretations are based on scarp
investigations and analysis of cross-cutting relationships between the fault strands and
Quaternary units. The fault is best exposed between Alamo and Diablo Arroyos. 3 to
7.5 km northeast of Fort Hancock (figs. 1. 2a. and plate 1). and it is this portion of
the fault trend that was studied in most detail.

The Hueco Basin. or Hueco Bolson. of Trans-Pecos Texas and Chihuahua,
Mexico. lies within the northern Chihuahuan Desert and has a subtropical arid climate.
Annual mean precipitation is approximately 20 to 23 cm. and mean temperature is
about 17°C (Orton.. 1969. p. 33. 39; National Climatic Data Center, 1985, p. 15).

Plants most common in the desert study area are creosote bush (Larrea tridentata),

tar bush (Flourensia cernua), cat claw {Acacia greggi). and mesquite (Prosopis

juliflora).

Methods

Results of this study are based on geologic mapping. field observations. and
measurements of fault scarps, outcrops. excavations. and shallow. (9 m maximum)
augerholes. Most outcrops are along arroyos and gullies. Selected field stations are
illustrated in figure 2 and table 1. Most of the aerial photographs interpreted for this
study were low-sun-angle morning and afternoon photographs at approximate scales of
1:12,000 and 1:6.000 flown during December 1985. Smaller scale (approxirﬁately
1:62.000) and older (1953) Army Mapping Survey aerial photographs were also
examined. U.S. Geological Survey 7.5° topographic quadrangle maps (1:24.000) include
the Small, Campo Grande, Diablo Canyon West., Cavett Lake, Fort Hancock NW,
Tornillo, and Clint SE Quadrangles. Geologic mapping was done at scales of 1:12,000

and 1:6,000. Detailed profiles of scarps were measured using an Abney level. Five



excavations were dug by bulldozer, and nine shallow adgerholes were drilled (three by
trailer-mounted rig and six by portable power auger).. Approximately 85 field days

were spent collecting data between June 1988 and May 1989. '

Previous Work }

A northwest-striking fault strand southwest of C?mpo Grande Mountain and a
fault scarp north’west of this mountain were first mépped by Albritton and Smith
(1965) during regional studies of the Sierra Bla\nca?area. They stated that the
westernmost fault extended northwestward out of their study area. Albritton and
Smith (1965) also reported that within their regional stydy area they saw no evidence
of faulting in any gravels younger than the Madden Gjravel (table 2). Strain (1966)
also mapped a northwest-striking fault in this region Between Camp Rice and Diablo
vArroyos during his stratigraphic investigations of the ;Fort Hancock and Camp Rice
Formations. He reported the fault may offset these basin-fill deposits by as much as:
60‘m.“ A short fault strand was also mapped southwe;t of Campo Grande Mountain
by Willingham (1980) during his study of the basin-fill deposits. Part of the Campo
Grande fault is shown on the Geologic Atlas of Texas. ‘:Van Horn-El Paso Sheet, scale
1:250.000 (Dietrich and others, 1983) and the Tecténic Map of Rio Grande Rift
Region in New Mexico, Chihuahua. and Texas. scélé 1:1,000.000 (Woodward and
others, 1978). A recent report prepared by Sergent. Hauskins. and BeckWith (1988)
also illustrates and discusses the Campo Grande fault. Other Quaternary faults of the
Hueco Basin have been mapped or described by I\/ILjJeh|berger and others (1978),
Woodward and others (1978). Seager (1980). Henry iand Gluck (1981). Henry and
Price (1985). Machette (1987)} and Sergent. Hauskins, and Beckwith (1988). Other
“research on Quaternary faults in part§ of Trans-Pecos fexas and central and southern

New Mexico include works by Goetz (1977, 1980). Machette (1978a.b), Seager (1981).

and Gile (1987). Geologic maps of parts of northwestern Mexico (Coordinacion



General De Los Servicios Nacionales De Estadistica. Geografia E Informatica), scale

1:250.000, were also used during this study.
TECTONIC SETTING

The Hueco Basin is an intermontane basin that formed in response to Basin and
Range faulting that was initiated about 24 Ma ago. An earlier deep sedimentary
basin, the Chihuahua Trough., developed during the Jurassic Period in westernmost
Trans-Pecos Texas and Chihuahua, Mexico (Henry and Price. 1985). The
northeastern margin of the trough approximately parallels the present Rio Grande on
the Texas side of the river and probably consists of down-to-the-southwest normal
faults. Jurassic evaporites are the oldest Chihuahua Trough deposits. Cretaceous
marine sediments filled this basin and buried the trough-bounding normal faults (Henry
and Price, 1985). The Clint fault (Uphoff, 1978), interpreted from subsurface data
collected 30 km southeast of El Paso, verifies the existence of one of these normal
faults that bound the Chihuahua Trough. Subsequent Laramide deformation thrust
Cretaceous rocks northeastward along a decollement zone of Jurassic evaporites and
produced north-northwest-trending thrust faults, folds, and monoclines along the
northeastern margin of the Chihuahua Trough (Griés and Haenggi, 1971. Henry and
Price, 1985). The Krupp No. 1 Thaxton well that was drilled in the study area
(plate 1) encountered a thrust fault in Cretaceous bedrock at 420 m below the
surface. The northeastern edge of the Laramide thrust faults is interpreted from
seismic data to be approximately 4 to 5 km northeast of the trace of the Campo
Grande fault.

Volcanic activity in the Trans-Pecos region occurred from about 48 to 17 Ma

ago, although most of the activity was between 38 and 28 Ma ago (Henry and



McDowell, 1984; Henry and Price. 1984, 1985. Henry ;znd others, 1986). The nearest
volcanic rocks are basaltic, andesitic, and trachytic to latite dikes and sills of the
Finlay Mountains. about 7 to 15 km east-northeast of ithe study area (fig. 1). Dates
of the Finlay Mountain intrusions range between 46 and 50 Ma (Matthews and
Adams, 1985; Henry and others, 198‘6). and age dates?of the basalts southeast of the
study area are about 29 and 34 Ma (Henry and others, 1986). The domed outcrop
pattern of the Permian and Cretaceous rocks exposed in the Finlay Mountains
suggests that two large igneous bodies occur in the sdbsurface (Albritton and Smith,
1965: Matthews and Adams, 1985). Most of the volcanism in Trans-Pecos Texas
occurred while the area was under east-northeast compression during the waning
stages of Laramide deformation (Price and Henry, 1984: Henry and Price. 1985). A
transition to regional tension occurred about 30 Ma ago. and subsequent normal
‘faulting related to Basin and Range extension was W§'| developed by about 24 Ma
ago (Henry and Price, 1985, 1986: Stevens and Stevéns. 1985). Basin and Range
faulting and magmatism in Trans-Pecos Texas and s;uthern New Mexico has been
episodic (Seager and others, 1984: Henry andAPricej. 1985; Stevens and Stevens,
1985). In Trans-Pecos Texas periods of accelerated fault movement and sediment
deposition in structural troughs may have occurred bet“ween 24 to 17 Ma ago. about
10 Ma ago. and after 7 Ma ago (Stevens and Steveﬁs. 1985, their fig. 4). : Early
regional extension was oriented east-northeast, and%later extension was oriented
northwest (Henry and Price, 1985; Price and others, 1985). Although evidence of this
change in extension directions has been interpreted in the Trans-Pecos region, the
time of this shift has not been well established. A isimilar change in stress field
orientation occurred in other parts of the Basin and Range Province about 10 Ma ago
(Henry and Price. 1985).

Seager (1980) described the northwestern part of Ehe Hueco Basin (northwest of

the study area) as an asymmetric, west-tilted graben. Mattick (1967) calculated as



“much as 2. 740 m of basin fill in the center of the graben at the northwestern barm of

the basm Ramberg and others (1978) estlmated between 2,000 and 3.000 m of -

'Cenozouc fll The geometry of the Hueco Basm in the study area |s also asymmetric, ©
but the gentle northeastern flank does not appear to be bounded by a major fault.
Wen'(1983)_>determined hasin fill along the basin axis southwest of the Campo Grande_
f‘ault to .be greater than 2.000 m thick. Gra\)it»y and magnetic maps presented by
Keller and Peeples (1985) also outline an area"of thick basin-fill southwest of the
| Campo Grande fault. ~ Northeast of the fault boreholes intersected the base of th-e
basin- fill sedrments at depths of about 175 m.
The Campo . Grande and other normal faults of the Hueco Basin formed during
‘Basrn and Range extension. LeMone ,(1989) interpreted the northwest strrkrng.
: -subsurface Mesozoic Clint fault. as defined by Uphoff (1978). to be related to the
srmrlarly striking Campo Grande fault. Uphoff (1978). however, clearly shows in a
cross section that the Chnt fault does not offset erther the Cenozorc bolson fill or the
‘ Laramnde-age ‘Rio Grande: thrust In addltron. ‘north—south—strlklng Quaternary faults

~ trend through the area between the Campo Grande and Clint faults.  Although it is

A _possible that the CampO‘Grande fault is related to Basin and Range reactivation of a -

preexustmg fault. there rs no evrdence that lt is continuous with the CIrnt fault.
Most of the historical selsmrcrty of Trans Pecos Texas has occurred near the
north south trendmg Salt Basin region, approxrmately 90 km east of the Campo
Grande fauIt study area (Sanford and Toppozada 1974; Dumas, 1‘980: Reagor and
others 1982; Davis and others. in press) No events have been reported along the
V'Campo Grande fault. although Dumas (1980 hrs fig. 1) plots two epicentérs a|0ng the
L Texas Mexrco border in the Hueco Basm mcludmg one located near the ‘northwestern
end of. the Campo Grande fault. Dumas reported that these eprcenter locatrons are

accurate"to within 8 km. Most historical earthquakes of the -Hueco Basm have been



near El Paso; the largest event was a Modified Mercallir(MM) intensity VI. The
1931 Valentine earthquake (Dozier, 1987) of intensity VII MM (M=6.4) located near
Valentine, Texas. about 100 km southeast of the study area. is the largest recorded

earthquake in Trans-Pecos Texas.
STRATIGRAPHY

Stratigraphic nomenclature used in this report is based on the work of AIbri't'ton
and Smith (1965) and Strain (1964, 1966) \(tab|e>2).: Plate 1 illustrates that the
surface geology in the vicinity of the Campo Grande fault comprises hills of Lower

Cretaceous bedrock that are surrounded by Pliocene to Recent sediments.

Lower Cretaceous Units

Cretaceous units that crop out in fhe study area i;nclude (in ascending sequence)
the Bluff Mesa Formation. Cox Sandstone. and Finlay Limestohe. The Bluff Mesa is
mostly limestone, although the unit also contains minor amounbts of sandstone and
shale. Cox is mostly sandstone with some Iimesto:ne. and Finlay is dominantly
limestone (Albritton and Smith, 1965). In the study area these units were fractured
and folded during Laramide compressional deformationi. Albritton and Smith (1965)
mapped a syncline and an overturned anticline at Campo Grande Mountain (plate 1).
About 7 to 10 km north of the study area. Cox Sandstjone and Finlay Limestone crop
out on the Diablo Plateau and its escarpment. On th‘e plateau these units are
relatively undeformed and flatlying. although at the plateau escarpment they gently dip
5 to 8° southwestward into the Hueco Basin, forming a west-northwest-striking

monocline.  This deformation possibly was caused by Idading that occurred during the



Laramlde thrusting southwest of the plateau. Later subsidence of the Hueco Basin

- may have also warped these Cretaceous rocks along the plateau escarpment (basin

flank) 'Seismlc data indicate that Cretaceous strata beneath basin-fill sediments

‘between the escarpment and the thrust margm also dip southwestward at low angles.

.Approxlmately 4 km north of the study area a borehole encountered Washita rocks

below the basin-fill sediments. Cretaceous Finlay Limestone. Cox Sandstone. and

»Campagrande Formation and Permian rocks in the Finlay Mountains (5 km northeast

of the study area) have been domed upward by igneous intrusions.

Pliocene to Pleistocene Fort Hancock and Camp Rice Formations
The Fort Hancock and Camp Rice Formations of the Hueco Basm were initially

defined by Strain (1964. 1966). These formations have also been referred to by

»Alybritton and Smith (1965) as older and younger basin fill. More recent

investigations of these units in Trans-Pecos Texas and south-central New Mexico
include descriptions_ by Hawley and others (1969). Strain (1971). Willingham (1980).
Riley‘ (1984). Stuart and Willingham (1984). Vanderhill (1986), and Gustavson (in
press).  Fort Hancock sediments that crop out in the study area are clay. silt, and
sand; bedded gypsum and gtavel are locally present elsewhere in the unit but are

rarel'y found in the study area. Sediments composihg the Fort Hancock Formation

were deposited in a bolson setting. Camp Rice Formation sand and gravel. with
lesser silt and clay represent alluvial fan. fluvial and minor lacustrine and floodplain
 deposition. Braided stream deposits near the basin axis were deposited by the

v ancestral Rio Grande after it developed as a through-flowing stream. Camp Rice

sediments unconformably overlie the Fort Hancock Formation. but in many areas the

contact is subtle because of similarities in lithologic composition and depositional

setting. - At a Iocality southwest of the fault. Vanderhill (1983) determined the contact .



to be about 2.48 Ma old based on paleomagnetic studies. Volcanic ash lenses within
the Camp Rice aid in determining its age (tables 2 and 3). Ash present in outcrops
in Diablo Arroyo (in the study area) and Madden A}royo (5 km southeast of the
study area) are within the lower part of the Camp Rice Formation and have been
reported as the 2.1 Ma old Huckleberry Ridge ash by Gile and others (1981) and lzett
and Wilcox (1982). The 0.6-Ma-old Lava Creek B ash has been reported by these
researchers to crop out at the top of the Camp Rice Formation near El Paso, Texas,

about 60 km northwest of the study area.

- Pleistocene Gravel Units
Albritton and Smith (1965) defined and regionally émapped five Pleistocene gra.vel
units in the Hueco Basin. They are the Miser, Madden, Gills, Ramey. and Balluco
Gravels, oldest to youngest. Geologic mapping by Albritton and Smith (1965)
indicates Madden. Ramey, and Balluco Gravels are reg:onally extensive deposits.
whereas the Miser and Gills Gravels occur only locally. ' Madden, Ramey. and Balluco
Gravels ‘have been mapped in the study area by the authors (plate 1). The gravel
“units were deposited on piedmont slopes and on terracés of arroyos that have incised
older sediments. Gravel is locally derived and. in the sturdy area, the pebbles and
cobbles mostly consist of limestone, sandstone. andesite, and chert. These units are
usually 1.5 to 2.5 m thick. and the calcic soils and ind‘urated calcic soils (referred to
in this report as caliche) that are developed within and cap these units are 0.5 t§

15 m thick. ‘
Characteristics of calcic soils have been described by Gile and others (1966, 1981)
and Machette (1985). Machette (1985) described several processes that could

precipitate calcic soils and favored a process that involves airborne CaCO3 and Ca*?

10



dissolved in rainwater as the predominant sources of carbonate. The CaCO3 particles
are leached from the surface and upper horizons of the soil and ‘precipitated in lower
soil horizons at a depth controlled by soil moisture and texture (Machette. 1985:
McFadden and Tinsley, 1985). Morphologic stages of calcium carbonate in caicic soils
and pedogenic caliche developed under arid and semi-arid climates in the American
Southwest have been described by Gile and others (1966) and Machette (1985). Six
stages of sequential CaCO3 development (numbered | through VI) are defined based
on physical characteristics. In this classification, Madden Gravel caliche mostly is
Stage IV based on the development of thin to thick laminae in the upper part of the
horizon and the presence of laminae that drape over fractured surfaces. Stage V.
which is characterized by thick laminae and carbonate coated fractures, has developed
locally. Ramey Gravel caliche is mostly Stage IV to lll. which is determined by ‘the
occurrence of massive CaC03 accumulations between clasts where gravel content is
high and a matrix that is firmly to moderately cemented where gravel content is low.
Sparse laminae also occur in the upper part of the Ramey Gravel caliche. Locally.
Ramey Gravel caliche is less developed and is Stage lil to Il. characterized by a firmly
cemented matrix with slight to massive CaCO3 accumulations between clasts and
coatings on tops and undersides of pebbles or. where gravel content is low, by a
matrix that is weakly cemented. Balluco Gravel calcic soils are usually at Stage Il
development, which is characterized by continuous, thin to thick CaCO3 coatings on
the tops and undersides of pebbles. Local calcic soils developed in alluvium on the
downthrown blocks of several fault strands have stage Ill development, as indicated by
coalesced nodules and a firm to moderately cemented matrix.

Miser Gravel does not occur in the study area. and only small remnant deposits

adjacent the Quitman Mountains were mapped by Albritton and Smith (1965). They

11



reported that the Miser is not capped b'y caliche. It is unknown if Miser sediments

represent uppermost Camp Rice deposition and if the Miser surface is the Camp Rice

constructional surface. Madden Gravel is more regionally extensive thban the Miser.
and in the study area Madden Gravel caps a piedn;ﬁont slope on the Camp Rice
Formation. Gills Gravel is not mapped in the stud)} area. Regional mapping by
Albritton and Smith (1965) identified the Gills only Ioéally near Arroyo Calero, about
17 km southeast of Diablo Arroyo. The Ramey ancji Balluco Gravels of the fault
study area were deposited on terraces of Diablo, Caﬁp Rice, and Alamo Arroyos,
wﬁich have incisea Madden Gravel and the older damp Rice and Fort Hanﬁock
Formations (plate 1 and fig. 3). Southeast of thegstudy area, adjacent to the
QUitman Mountains, Ramey and Balluco Gravels were Jeposited on piedmont slopes.

- Presumed ages of the Pleistocene gravel units ;are estimates based on field
stratigraphic relationships, the degree of calcic so?il development, and possible
- correlation with similar units in New Mexico. The pos?sible age ranges are illustrated
in table 2. These units lack suitable mater/iavls for aé:curate' age dating. Based on
the elevation of the Miser Gravel. Albritton and Smith k1965) interpreted it to be the
oldést gravel unit. I‘nbtheir map area it occ“u_rs only Idcally adjacent to the Quitman
Mountains: this field characteristic prevents regional icorrelation of the unit. The
regionally extensive Madden Gravel appears to correlate with the LaMesé' and
Jornada | surfaces of south-central ‘New Mexico. The%0.6-Ma-oId Lava Creek B ash
in the upper Camp Rice Formation provides a maximtilm age. In south-central New
Mexico the LaMesa surface is overlain by basalt dated ;t about 0.5 Ma. Calcic soils
of ‘the Madden. Gills, Ramey. and Balluco Gravels have%decr‘easing-morphologic stages
of CaCO3 development. respectively. Field relationshiips indicate that the Balluco
Gravel. the youngest gravel unit, is older than terrac;‘es of the modern Rio Grande

(fig. 3). The last major episode of Rio Grande entren?chment occurred approximately

25,000 to 10.000 years ago (Gile and others, 1981).

12



Holocene Alluvium and Windblown Sand

Arroyo and gully alluvium, s>imi_lar to the Pleistocene grailel units, is- composed of
' _Ipéally derived s‘and and gravel. Modern arroyo channel deposits and young low
‘terrrace's werév mapped together d;:fing this study (plate 1) Carbonized wood in
Alamo. Arroyo‘alluvium has been dated as 970 + 20 years old (tables 2 and 3).
Organic material found in low terracé'alluvium in upper Alamo Arroyo has been dated
as 1,330 + 60 years old. Both of these davted safnples were collected north of the
faUIt'study'-area. ‘ Ofganic material in alluvial slope deposits overlying the Madden or
Rﬂamey Gravel also was collected about 4.5 km north of the study area and has been
‘»da‘ted as 3.240 + 330 and 7.510 + 100 yéars old. Windblown sand forms stabilized
low dunes and coppice mounds that cover the Madden, Ramey. and Balluco Gravels

. over much of the study area.
FAULT OCCURRENCE AND GEOMETRY

- The Campo Grande fault is a 45-km-|ohg fault trend that is composed of at least

17 en‘echelon fault stra‘nds (figs. 1 and 2). This series of faults strikes
northwestward. is dowhthrown towa:rd‘ the sc;uthwest. and is about 12 km from the
northeastern edge of the Hueco Basin: The Campo Grande fault divides the
downthrown‘. central part of the basin. (>2.000 m of fill) from the shallower (175 m)
northeastern flank. In the footwall of the Campb Grande fault are several northwest-
- trending limestone and sandstone (Cretaceous bedrbck) hills.  The Campo Grande fault
,wés’named after Campo Grande Mountain. the highest of the hills that rare adjacent

~ the fault strands (Strain, 1966). The fault is the ‘southwest margin of a narrow,
2. to 4-km wide, bedrock high (possibly a horst block) (fig. 3 and plate 1). Seismic

data locally indicate that the northeast margin of this bedrock high may be fault



bounded. although the inferred northeast-dipping normal fault does not cut Fort
Hancock sediments (>2.48 Ma old) exposed at the surf:ace.‘

‘Individual fault strands are 1.5 to 10 km long and have strikes of N25 to 75°W
(figs. 2 and 4a). Dips are betweenA 60 and 90° southwest. Outcrops and
excavations of the faults indicate that smaller-displacfement (offsets commonly less
than 1 m) faults often occur adjacent to the main fault strands (plates 2a and b:
appéndices 1-1, 1-2, and 1-4). These main fault strands commonly displace Fort
Hancock sediments against Camp Rice sediments. Genéle warping and tilting of strata
adjacent to faults is common. At a few locations in the footwall block the units

gently dip (as high as 7°) toward the fault. Units in the hanging-wall block
| commonly dip as much as 12° toward the fault, althbugh at several Ioéations units
dip 5 to 15° away from the fault. Pebbles and cobbles of the coarser units are
commonly rotated immediately adjacent to the fault plahes. |
Although the Tertiary and Quaternary sediments that crop out are not strongly
lithified, grooves present on some of the main fault planes are interpreted to have
been formed during fault movement and may indicate%slip direction. These grooves
“have rakes of 65 to 90° (fig. 4b). The main compdnent of fault displacement is
thought to be normal in a dip-slip direction. The slight oblique-slip indicated by
some of the measurements is interpreted to be cauéed by dip slip on fault planes that
curve along strike. The strike of one curving fault trace changes from N12°W to
N42°W to N74°W along 0.2 km. and the strikes of many faults shift by about 25°
over short distances. Small-displacement faults (throwfsi <1 m) strike between N34 to
60°W and dip 49 to 88° southwest and northeast. They typically form small grabens
and horvsts. Grooves on the main fault planes and ithe geometries of small-scale

grabens and horsts indicate that the normal faults 'Jeveljoped by extension in a N30 to
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40°E to S30 to 40°W direction (fig. 4b and c). Sediments along fault planes are
often cemented with CaCO3. Soft-sediment deformation that possibly is due to
liquefaction initiated by earthquakes has been observed at only one location 400 m
south of station 44 (fig. 2b). This deformation is characterized by chaotic folds in
Camp Rice sand (fig. 5) and possible fluid-escape structures. Timing of this event is
unknown, but it was clearly prior to development of the modern arroyo system. when

the Camp Rice sediments were water saturated.
SCARP MORPHOLOGY

Analyses of fault-scarp morphologies often are used to interpret approximate
absolute ages of young normal faults in the western United States (Wallace. 1977:
Bucknam and Anderson. 1979; Nash. 1980; Machette. 1982, 1987. Mayer. 1984:
Personius and Machette, 1984; Machette and others, 1986). Qualitative and
quantitative analyses of scarp slopes with scarp heights are often used to estimate
ages of‘the last faulting event. The basis for assuming a relationship between scarp
morphblogy and scarp age is that scarps formed by high-angle faults are nearly
vertical and degrade by initial collapse of the scarp face and subsequent erosion and
deposition along the scarp (Wallace, 1977). Bucknam and Anderson (1979)
determined that for scarps of known age. scarp-slope angles increase at regular
increments when scarp heights increase. Degradation of scarps through time
(increasing scarp ages) results in lower scarp-slope angles.

The duration of erosion is a major factor that influences the morphology of fault-
scarps. although climate and lithology also affect scarp erosion and are equally as
important. Regional and local variations in climate or temporal changes in climate

may affect how rapidly scarps erode. Scarps of similar ages that are eroded under
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dissimilar climatic conditions may have different morpghologies. or scarps of different
ages could have similar morphologies. Highly localgized climate events and local
physiographic settings may also cause variable erosion rgates and thus cause significant
variations in the morphology of a single fault scarb. Lithologies of the faulted units
also directly influence rates of scarp erosion. In the C%ampo Grande fault study area,
surface and near-surface caliche (commonly Stage }IVv. locally Stage V) overlies

relatively unconsolidated sediments, provides some resistance to erosion., and .

sig‘niﬁcantly affects in the development of scarp morph@logy.

Scarp Descriptions

Scarps of the Campo Grande fault trend have be%en modified by erosion of the
footwall and deposition on the hanging wall. In man?y places windblown sand also
covers the scarps and detailed scarp observations cangnot be‘made. The scarps are
mostly single-s]ope scarps (fig. 6a). although in a few iisolated areas compound scarps
that ‘have multiple scarp-slope angles (Wallace, 1977) goccur (fig. 6a and b). Single-
slope scarp heights range between 1.5 and 11.5 m, 1and scarp slopes are between
3 and 11°, although slopes are most commonly 4 to 6° (fig. 7 and table 4). Steeper
slopes of the ‘compound scarps are 10‘ and 17° and? are up to 1.7 m high. The
regidnal surface slopes 1 to 3° southwestward, perpendicular to the strike of the fault
scarps. Heights of scarps (particularly those on ithe Madden Gravel surface)
commonly do not accurately indicate amounts of fault <§)ffsets because of deposvition of
sediments over the faulted horizon on the hanging-;/vall block. Field evidence of
.mhltiple faulting events includes the presence of (1) cjvomp‘ound scarps. (2) overlying
and faulted calcic-soil horizons on the downdropped% block. and (3) successively

younger faulted units having lesser amounts of displaceﬁnent.

i
!
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Scarps of the Campo Grande fault trend are less distinct (have smaller slope
angles) than some of the other faults of the Hueco Basin. Scarps of faults that
occur at the base of Sierra De San Ignacio. Sierra De La Amargosa. Sierra San Jose
Del Prisco. and Sierra Escanton in Chihuahua. Mexico (28 km southwest of the
Campo Grande fault at the southwest margin of the Hueco Basin). have slope angles
up to 35° for 7-m-high scarps. A fault at the eastern base of the Franklin
Mountains (west and north of El Paso) has 7- to 12-m-high scarps that slope
between 18 and 25° (Machette, 1987). These higher slope angles suggest that these
faults are more recently active than the Campo Grande fault, that the materials
present in the scarps are more resistant to erosion, or some combination of these

factors.

Scarp of Fault Strand G

The most distinct scarp associated with the Campo Grande fault trend is the
scarp of fault strand G (figs. 2a and 8). This scarp is 2.5 km long and strikes N55
to 60°W. A 2-km portion between stations 1 and 29 (fig. 2b) was studied in detail
to document the variations in morphologic characteristics along an individual scarp and
to provide data concerning relative scarp age and faulting history.

Sedimentologic variations along the scarp are illustrated in plates 2a and b
(excavation stations are shown in fig. 2b). Madden Gravel caliche (commonly
Stage IV). gravel. and sand are at the surface or near the surface at the scarp crest
and top of the footwall bloék. The southwestward regional surface slope of the
Madden Gravel is only 1 to 3°. Lithologies present on the surface of the scarp slope
are gravel consisting of caliche pebbles. and pebbles and cobbles of IimeStone.
sandstone, and andesite that are typical of the Madden Gravel in this area. Locally
along the scarp slope. caliche crops out. Layering of the caliche either dips almost

parallel to the scarp-slope or the caliche is eroded. Surface sediments at the base of
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the scarp are alluvial sand with scattered pebbles of%‘limestone. sandstone. andesite,
and caliche. = ‘ ‘

The scarp is well dissected (figs. 8 and 9), and;some of the larger gullies that
cut the scarp have deposited fan-like alluvial depoks?its on the hanging-wall block
(plate 1). Windblown sand deposits commonly cover t;he surface on' the hanéing-wall
b‘Iock and, at a few localities, windblown sand covers ;j‘)arts of the scarp and footwall
- block (plate 1). Some of the gullies that cross the% scarp are as broad as 30 to
100 m énd are filled with alluvium that is being incised by narrower (1.5 to 2.‘5 m
widé)' channels. The recent alluvium is not faulted. %and many of the modern gully
ﬁvhannel‘s are more deeplvy_ incised on the hanging wjall block than on the footwall
block. 3

Scarp slopes and heights vary appreciably along tHe fault strand (figs. 9 and 10).
Heights range from 1.5 to 6.5 m. The different heiéhts are thought to be mostly
due to variations in the amounts of élluvial deposiition on the hanging wall and
erosion on the footwall block, although‘ differences |r‘| fault offset may also occur.
 Higher scarp height.s near station 29 (fig. 9) are pro%bably the result of erosion of
sediments of the hanging-wall block by a drainage in’to nearby (1 km wést) Camp
Rice Arroyo. ;

This scarp has a single slope of 4 to 7° in molst places, although at severél
localities compound slopes exist. Steep sections oﬁ the compound slopes are up
to 17° (fig. 11 and table 4). Areas with compoudd slopes appear to be better
protected from erosion caused by gullying and sheetwiash across the Madden Gravel
surface. The steepest scarp slope is at station 14\. This location is somewhat
protected from erosion by limestone hills located up %the regional slope that divert

some drainage away from station 14. Figure 10 illustrates the subtle character of

~most of the scarp of fault strand G.
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Excavations Across Scarp of Fault Strand G

Logs of three excavations that were dug across the scarp of fault strand G are
“illustrated in plates 2a and b. An excavation at station 14 (excavation 14) intersects
a part of the fault strand that has a conipound scarp (steep slope angle up to 17°).
and excavations at stations 25 and 8 (excavations 25 and 8) intersect relatively
distinct (7° slope angle) and subtle (4° slope angle) single-slope scarps. respectively.
~The excavations uncoyered a main fault striking approximately N60°W and dipping
70 to 85° southwest and adjacent smaller-displacement normal faults with offsets
‘usually less than 0.5 m. Smaller-displacement faults are in the footwall block: they
- strike N34 to 60°W and dip 49 to 88° southwest and northeast, and they form small
grabens andb horsts. The main fault at excavation 14 intersects the surface at the
steep section of the compound scarp slope. between the scarp base and crest. At
excavations 25 and 8, which cut single-slope scarps, the main fault projects to the
ground surface about 6 to 7 m southwest of the scarp base. Smaller-scale faults do
not appéar to intersect the surface and often appear to terminate at or within »the
1 to 1.5 m thick surface to near-surface caliche horizon (commonly Stage IV) of the
Madden Gravel. Fractures having no offset occur in the caliche. Most of the
fractures that are within 20 m of the main fault strike approximately parallel to the
fault. Some fracfures are filled with sand and silt. and a few are wedge-shaped.
indicating they have opened due to horizontal extension caused by flexing or warping
of the caliche horizon.

Scarp sllopes at excavations 25 and 8 and the more gently dipping portion of the
compound scarp slope at excavation 14 are underlain by the Madden Gravel caliche
horizon, which appears to dip the same amount as the scarp slopes. The caliche
may have formed on the slope, or‘it could have been gently warped during faulting.

A combination of gentle warping and precipitation of caliche on the slope also may
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have occurred. Af excavations 25 and 8 the upper jcontacf of the Madden Gravel
‘caliche beneath alluvium southwest of the scarpvbasve hias been eroded.

In the hanging wall of the fault are five faulted gcalcic horizons (Stage Ill),that
“are 0.5 to 1.0 m thick (plate 2a). | Theseb horizons ha?ve vertical separaktivons of 1 to
2 m. The deepest and oldgst calcic horizon is Wit%h‘in the downdropped Madden
Gravel, which has‘been offset about 10 m. The uppérmost calci; horizon is clearly
'fav'ulted at excavation 14 (1.4 m throw). and the physicial characteristics of this calcic
soil (Stage Ill carbonate morphology) suggest that it ?may have taken about 100,000
years for this CaCO3 horizon to develop. The uppér icalcic horizon at excavation 25
is interpreted to be the same upper horizon as that i;n'vexcavation 14, although the
configuration of the more subtle scarp slope makes‘“yeriiﬁcation’of offset difficult. The
upper calcic horizon at excavation 8 is interpreted to b(% younger than the upper calcic
‘horizons identified in excavations 14 and 25. Thfs i%nterprétation is baSed on the
observation that the sediments at excavation 8 areionly very slightly carbonate-
éémented. A much smaller amount of carbonate has a%cumulated in this' horizon than
in the upper calcic horizons in excévations 14 and 25. gThis slightly calcic horizén at
excévation 8 does not appear to be faulted. Thick wjiindblow"n sand ’devp'osits in the
viéinjty of excavation 8 may account for the additional? young sediments that do not
- occur at excavations 14 and 25. .

"Unconsdlidated sand. silt, ‘and gravelloverlying the ?faulted upper calcic horizon at
exéavation 14 are in lateral contact with the main fauljt plane and upthrown Madden
Gravel caliche (plate 2a). These unconsolidated sedir%nents are interpreted to have
been deposited as slope wash rather than as having be%en faulted against the caliche.
This caliche is sufficiently resistant to erosion to have remained c_ohere,nt during

deposition of these sediments. The gravel unit overlyihg the upper calcic horizon at

|
i
i
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the east wall of this excavation is a localized deposit that does not extend to the
west wall, 3.5 m away. The east wall was excavated along a narrow (approximately
1- to 2-m-wide) gully that apparently transported the gravel only a short distance to
the downdropped block. The gully also causes slight variation in the shape of the

scarp at the east and west walls of excavation 14.

Scarp Morphology and Fault Age

Quantitative estimates of the age of Campo Grande fault scarbs have not been
made from the morphologic data because erosion-resistant caliche and possible climate
differences prevent quantitative comparison of the Campo Grande fault scarps with
age-calibrated scarp-morphology data determined by Bucknam and Anderson (1979)
and Machette (1982) from scarps in unconsolidated sediments in Utah and New
Mexico. Even though caliche may slow scarp degradation. Campo Grande fault scarps
have smaller slope angles than scarps with similar heights in Utah a‘nd New Mexico
that have been dated as Holocene and latest Pleistocene in age. This rough
comparison suggests that the Campo Grande fault scarps may be late or middle
Pleistocene.

Evidence of multiple fault movements includes the compound-slope scarps that
have been preserved at a few Iocalities‘ and the buried calcic soil horizons on the
downdropped fault block. The last episode of fault movement was long enough ago
to allow erosion to degrade most of the scarps to a single slope and to entrench
small valleys across the fault scarp and fill them with alluvium. which is currently
being incised. The overlying calcic horizons oﬁ the downdropped fault block indicate
at least five episodes of movement, deposition, and surface stabilization on this fault.

A more detailed discussion of faulting history appears later in this report (p. 26).
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CROSS-CUTTING RELATIONSHIPS BETWEEN STRjATIGRAPHY AND FAULTS

|
i
i

The cross-cutting relationships between stratigraphic units and faults were used to
interpret average rates of fault movement and to bréckjet the time of the most recent
fault movement. Average rates of fault movement wer?e determined by comparing the
amounts of displacement on units of different age. IiEstimation of the time of most
recent fault movement was made by comparing the agies of the youngest.faulted and
oldest unfaulted units. Camp Rice sediments are dowindropped against Fort Hancock
sediments along the extent of the Campo Grande faultitrend. The total displacement
of these units is the cumulative offset across one to tiiree fault strands. Throws on
~ younger Quaternary units are small enough to measureiacross individual fault strands.’
Measurements of throws and vertical separations (fig 6c) are similar in these very
géntly dipping (< 3°) units. The geologic map (plate 1) of the study area illustrates

in plan view the cross-cutting relationships between tihe‘ faults and the stratigraphic

units.

Fort Hancock - Camp Rice Contact iand Faults

The contact between the Fort Hancock and Camp iRice Formations, approximately
2.48 Ma old (Vanderhill, 1986). is the oldest horizoni offset by the Campo Grande
faults that can be mapped in the study area. Lithologiic differences between the two -
units and unit descriptions made by previous researciiers (Strain, 19 66: Willingham,
1980) aided in mapping the contact. which is subitle in‘some areas (plate 1).
‘Strain’s work (1966) and our own studies show the éontact to be an unconformity.
It is unknown how much erosion may have occurredi on top of the Fort Hancock
Formation, especially on the footwall block: thus, thie calculated offset values are

considered minimum values.
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ln the vrcmlty of Dlablo and Camp Rice Arroyos cumulatlve vertical offset of the
Fort Hancock - Camp Rice contact across ‘the fault trend is about 44 m. In these
areas the Fort Hancock - Camp Rice contact on the footwall block is more subtle
than in other areas. There is little evidence of enhanced downcuttmg of the Fort
Hancock Formatlon near the faults, although silts and clays. probably derived from the
Fort’ Hancock Formatlon are mterbedded wnth Camp Rice sands in the hanging-wall
block and are. mferred to mdrcate some erosron of Fort Hancock sedlments in the '
foot‘wall.il |
‘At "AlamoArroyo c‘umulative vertical offset‘of the Fort Hancock - Camp Rice
contact ‘across the fault trend is about 28 m. The contact on the footwaII b|ock near
the fault is a dlstlnct angular unconformlty (f|g 12) that is probably locally younger ‘
than the contact present on the hanging- wall block. (plate 1). which is estimated at
2.48 Ma' old. Fault relationships at the-statlon 136 outcrop. located on one of the
’ two fault strands near Alamo Arroyo, mdrcate that (1) several episOdes of faulting
occurred durlng Camp che deposition. (2) this unconformity developed on downfaulted
Camp Rice sedlments as well as on upthrown Fort Hancock strata, and (3) only 1 m
of offset has occurred at this locallty since deposmon on top of the unconformity
(appendlx 1-3). The sand above the unconformity at statlon 136 is mterpreted as
Camp che Formatlon but the alternate interpretation that it is post- Camp Rice in

age cannot be ruled out.

| Madden Gravel and Faults

Throws of the Madden Gravel (0.6 to 04 Ma old) on dlfferent fault strands are
summarrzed in table 5. At fault strands A. B and E (fig. 2) the vertical offsets |
were not ‘measured because wmdblown sand covers the Madden Gravel. However. the
- presence ofllmear sand—covered scarps in areas known to be underlain by Madden

Gravel indicates that vertical displacement of the Madden Gravel has occurred.
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Throws of 8 to 10 m (maximum) were measured atifault strands C. D. G, and J.
' |

Six meters of throw were measured at strand H. but ?because'thev Madden Gravel on
the downdropped block dips 5 to 7° southwestwarjd (away from the fault), the
vertical separation of the faulted Maddén Gravel is g%reater than 10 m if measured
beyond the area of tilted sediments adjacent to the féult plane. Fault strand F has
1.3 m of throw at one location, but throws acrossthiis fault may be greater toward
the northwest where a scarp is covered by windblowin sand. At strand L thrqw is
1 to 2 m. and strands | and K do not intersect Médd%en Gravel.

Measurements indicate that throws may vary anrjlg fault strands. For example,
at fault strand D. throws of 10 and 3.7 m were measured at stations 96 and 45
(fig. 2). At fault strand G. the thréw on the Madden%G;"avel is 9 to 10 m at several

locations along the fault, but near the mappable eastern termination the throw is only

1to 15 m.

Ramey Gravel and Faults% ,

Faults H and | are the only strands that displiace the Ramey Gravel (0.4 to
0.1 Ma old?); ihrows are 2.6 to 3 m (fig. 2 and table 5). Figure 13 illustrates the
displacement of Ramey Gravel at station 35, fault strar;d H.  Fort Hancock and Camp =
Rice sediments are more complexly faulted than Ran&e%y Gravel _becéuse more faulting
events have disrupted the older sediments. Faults D‘ J. K. and L do not displace
the Ramey Gravel, asr indicated by the presence of L;nfaulted Ramey overlying the
faults and the absence‘of scarps. Appendix 1-1 iIIusittrates u‘nfaulted Ramey Gravel
overlying fault strand L. The absence of scarps on %the Ramey that overlies fault
strands A and B (fig. 2a) indicates that these fa%ults do not offset this unit.

Strands E. F, and G (fig. 2a) do not intersect Raméy Gravel. Fault relationships

indicate that not all fault strands have ruptured during%post-Ramey faulting events.
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| Balluco Gra'vel and -Faults |
Balluco Gravel (01 to 0.025 Ma old?) is the oldest unfaulted unit in the study
~area (table 5) Frgure 14 illustrates. an. excavatron at ,statlon 82 (excavatlon 82). fault
strand H (fig. 2a‘).' where unfaulted Ball'uco Gravel overlies a fault contact between
, ‘Fort H:ancckxkrand Camp Rice sediments. ‘,Fault strands A. D. Ib. and L aleo.are
.“c“)yerlain by unfaulted Balluco Gravel. as i'ndibcated‘_by an absence of scarps.h Other

fault strands do not intersect Balluco Gravel.

| | | AIIuviUm and Faults

Slmllar to the Balluco Gravel younger gully and arroyo alluvium (0. 025 Ma7 to
prﬂesent in age) is unfaulted At several outcrops including those at statrons 117
”and 139 (appendlces 1-4a and b). unfaulted young alluvium overlies a fault contact
~ between Fort Hancock and Camp ‘,che sedrments AIIuvrum commonly is present in
channel‘s‘ ‘eroded into the underlying‘ older sediments at the fault plane (appendlces 1-1.
1-52a. and 1-4a). Lithologic dif‘ferences‘betwee"n the Fort Hancock and Camp Rice
Formations or structurar discont-inuities in the sediments along the fault plane p'robably
'enhan’ce incisvion at the faults. Narrow channels some with nearly vertlcal srdes are

7 'also commonly cut into these units away from the faults (fig. 15). |

The field relatronshrpsf at the statlon 139 outcrop (appendix 1-4b) are

L mconcluswe and |t is dlfflcult to determme whether or not gravel (of unknown age)

has been faulted agalnst the Fort Hancock sedlments The srmllarlty between
, lrthologles of the Camp Rice sedlments and younger alluvium also make interpretation
difficult. It is _clear that young alluvial sand and gravel overlie the fault at

stat-iOn 139v(appendix '1-4b) and are not“ offset. - The gravel adjacent to the vfault

v contams clasts of CaCO cemented Fort Hancock Formation that appear to have been

eroded from the upthrown bIock of the’ fault The,_gravel adJacent to the fault plane |
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also is cut by a fractu‘re (striking oblique to the fauilt).that is filled with caliche,
indicating that these sediments are old enough foricaliché to have precipitated.
C’alic‘he’ in fractures cutting Pleistocene or younger |gravels have not been noted
elsewhere in the study area. Rotated pebbles were noj’t observed adjacent the sharp,
71 to 76°-dipping fault plane. Because nearby Ramey iand Balluco Gravels overlie the
same.f‘ault strand and are unfaulted, and becausje of the uncertain age and

‘inconclusive relationship of the gravel to the fault plane. the outcrop at station 139 is

not interpreted as probable evidence of a "‘young” (posit-BaIIuco) faulting event.

Calcic Horizons and Faults

Faulted calcic éoil horizons ‘were identified on thé downdropped blocks of fault
strands D and G (fig. 2a). Carbonate horizons areiO.S to 1.0 m thick and have
-stage Il morphology.. Vertical sep“arations range ifrom 11 to 2.2 m (table 6,
plates 2a and b). These calcic horizons are faulfed %nd at the station 45 outcrop
(fault strand D). the two overlying calcic horizonsvm‘erge away from the faults and
form a single horizon. The calcic horizons represeht different episodes of fault
movement, deposition, and surface stabilization. At %both fault strands the oldest
calcic horizon studied in the hanging wall is in the gupper Madden Gravel (0.6 to
0.4 Ma old). At fault strand G, four faulted calcic urélits overlie this oldest horizon.
indicating at least five episodes of movement (plate 2a, excavation 14). About
100,000 yr is the ‘estimated time needed for the near-Stj’Jrface.‘fauIted calcicohorvizon at
excavation 14 to have accumulated the c‘arb‘onate typicjal of tho Stvage 1] morphology
(see ““Excavations Across Scarp of Fault Strand G." p‘ 18). The smaller number of

faulted calcic horizons at station 45. fault strand D. indicates either that fewer

faulting events have caused rupture along this strand or that physical conditions have
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prevented development of the additional calcic soil horizons. The youngest, faulted
calcic horizon on the hanging wall at station 45, fault strand D, has 1.5 to 2.0 m of
younger alluvium and windblown sand covering it. and its age is unknown. This
horizon may not be equivalent to the youngest horizon at excavation 14, fault

strand G.

SUMMARY OF FAULTING HISTORY

‘Multiple faulting events of the Campb Grande fault trend have offset Pliocene and
Quaternary sediments. Grooves on fault planes indicate that mostly dip-slip movement
has occurred. Vertical offsets of the Fort Hancock - Camp Rice contact (é.48 Ma
old). Madden Gravel (0.6 to 0.4 Ma old). and Ramey Gravel (0.4 to 0.1 Ma old?) are
44, 10, and 3 m, respectively, indicating that average rates of movement have been
relatively constant over the last 2.48 Ma. A surface to near-surface calcic soil horizon
that is estimated to be about 0.1 Ma old is also faulted. This indicates probable
post-Ramey Gravel fault movement on a fault strand that does not intersect the
Ramey Gravel. Some fault strands are overlain by unfaulted Ramey Gravel, indicating
that some fault strands of the 45-km-long Campo Grande fault trend did not behave
similarly during the latest faulting event(s). Although the effect of seismic events
over time has been to produce a fault zone with interrelated strands whose cumulative
displacement is similar, not all faults ruptured in the most recent event(s), and the
fault zone is probably seismically segmented.

Fault strands G. H, and | are the most recently active. None ofv these fault
strands offset Balluco Gravel (0.1 to 0.025 Ma old?). The latest faulting episode was
late Pleistocene, probably between 0.1 and 0.025 Ma ago. Faulted calcic horizons on
the downdropped block of fault stra‘nd G indicate at least five episodes of m0\./ement.

deposition, and surface stabilization during the last 0.6 to 0.4 Ma. The maximum
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average recurrence interval caléulated for the last ,_O.6§to 0.4 Ma from data at fault
strand G is about 0.15 to 0.08 Ma. | Because some %aults 6f the 45-km-long fault
trend have not consistently displaced the same unit, re<§:urrence intervals along parts of
the fault trend may be somewhat different. Vertical ;separation of overlying calcic
horizons and the steep sections of compound scarps fndicate that maximum vertical
offsets during single faulting events have been abo(gt'l.O to 2.0 m and that ‘the

méxiQO throw during the latest event was about 1.0 %to 1.5 m.
CONCLUSIONS

1. The Campo Grande fault is a 45-km-long series of% en echelon normal faults that

have had dip-slip displacement.

2. Single-slope scarps with slope angles between 4 and 6° are most common,
although at a few Iocatiohs compound scarps. having angles up to 17°. are
preserved. Scarp heights range between 1.5 ancji 11.5 m. Heights of scarps
commonly do not accurately indicate amounts of féult offset because aIIuQial and
eolian sediments commonly cover the faulted i'iorizon in the hanging wall.
Quantitative estim‘ates on the age of the fault scarpg were not made, although the
'morphologieé suggest that the scarps may be as oldi as late or middle Pleistocene.

3. Exca\)ations across scarps illustrate that the single% slope Scarps are underlain by
caliche that dips approximately the same as the scairp slope. Th’e upper surface of

the caliche is often eroded. The caliche could have formed on the slope or it
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could have been gently warped during faulting. A combination of caliche warping

~ and precipitation on the slope also may have occurred.

Some of the scarps represent multiple faulting events. as indicated by the presence
of compound scarps. overlying and faulted calcic-soil horizons on the downdropped

block. and successively younger units having lesser amounts of displacement.

The youngest‘faulted unit is t’he Ramey Gravel (0.4 to 0.1 Ma old?). and ol’dest
unfaultedyyunit is the Balluco Gravel (0.1 to 0.025 Ma old?). indicating that the
latest movement was during the late Pleistocene. Some fault strands that are
overl‘ain by Ramey Gravel ‘have not ruptured Ramey sediments, indicating that the
faults of the Campo Grande fault trend have not behaved similarly, as a single

segment, during at least the latest faulting event(s).

Five calcic soil horizons (Stage Ill morphology) on the downdropped block of one
fault strand indicate at least five episodes of movement. deposition, and surface
stabilization on this fault during the last 0.6 to 0.4 Ma. The maximum average
recﬁrrence interval is about 0.15 to 0.08 Ma. Vertical separation of overlying
‘ éaltic horizoné and the steep sections of compound scarps indicate that maximum
vertical offsets during single faulting events have been about 1.0 to 2.0 m and
that the maximum throw during the latest event was about 1.0 to 1.5 m. Based
,én 2.6 "to‘ 3.0 m of offset on tHé Ramey Gravel (0.4 to 0.1 Ma old?). two faulting
events have occurred on some fault strands since Ramey sediments were deposited,

indicating an average recurrence interval of 0.2 to 0.05 Ma.
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7. Vertical offsets of the Fort Hancock - Camp Rice %ontact (2.48 Ma old). Madden
Gravel (0.6 to 0.4 Ma old). and Ramey Gravfel‘ (0.4 to 0.1 Ma old?) are
‘about 44, 10. and 3 m. respectively, indicating tﬁat average rates of movement
have been relatively constant over the last 2.48 Ma%.
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Figure 1. Map of surface Quaternary faults (hachures), Hueco Basin. Trans-Pecos
Texas. It is unknown if some of the other normal faults (bars) in the region have
moved during the Quaternary. CGF - Campo Grande fault. Map was compiled from
Albritton and Smith (1965). Jones and Reaser (1970). Woodward and others (1978).
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Figure 3. Cross section X-X' across Hueco Basin at the study area. Cross section
location is shown in figure 1. = Cretaceous (K) rocks of Sierra La Amargosa and
Sierra San lIgnacio are deformed by Laramide thrusting and folding. Basin-fill deposits
between the Amargosa fault and Campo Grande fault are 2 to 3 km thick. The
northeastern edge of Laramide thrusting is about 4 km northeast of the Campo
Grande fault. Cretaceous (K) rocks of the Diablo Plateau are relatively undeformed
and flatlying: they dip 5 to 8° southwestward from the plateau escarpment to the
Laramide thrust sheet. Basin-fill northeast of the Campo Grande fault is up to 175
m thick. Profiles shown in b. c. and d are located by the corresponding letters on
cross section X-X'. Profiles shown in a and e are located southeast and northwest
(respectively) of the b location on cross section X-X'. '
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~ Figure 4. Lower hemisphere, equal-area plots for (a) stereographic projection of fault
planes and poles (dots) to fault planes. (b) stereographic projection of fault planes
and poles (dots) to fault planes for faults with groove lineations (arrows) on fault
plane. and (c) poles of minor-fault. planes (minor faults have throws less than 1 m).
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Figure 6. (a) Diagram of single-slope scarp. This type of scarp is common in the
Campo Grande fault study area. Profile example is from station 17 (fig. 2b).
(b). Diagram of compound-slope scarp (compound scarp). " This type of scarp is
uncommon in the Campo Grande fault study area. - Profile example is from station 14
(fig. 2b)." (c) Diagram showing the small difference between throw and vertical
separation of a faulted unit at the Campo Grande fault study area. The small
difference is caused by low slopes of the offset horizon. Profile example is from
station 14 *(fig. 2b). Inset example is schematic. ' g : '
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Figure 9. Profile along scarp length of fault strand G between stations 1 and 29
(fig. 2). View is northeastward. . :
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Figure 10.  Profiles on scarp of fault strand G illustrating the small scarp-slope angles
and profile variations that occur along the scarp. In many places only slight changes
in slope and uneroded, flat-lying caliche determine the location of the scarp crests.
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Figure 11. Photograph of fault scarp along part of fault strand G near station 22
(fig. 2). View is north-northwestward: stations 25 and 29 are on scarp at left end of

photograph.
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Figure 12. Angular unconformity (arrows) between Fort Hancock Formation (Tfh) and
Camp Rice Formation (QTecr). Outcrop is located in Alamo Arroyo about 200 m
north of station 139 (fig. 2b).
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EXPLANATION

CAMP ‘RICE FORMATION
'\\\ Fault; arrows indicate slip directions;

5 Coarse- to fine - grained sand, pebbles and N63°W strike and dip below symbol
© ¢ .2] granules-common; silty in places 729SW

4 Silty coarse- to fine-grained sand, some granules; slightly . f7' m
clayey in places; carbonate nodules common

Coarse- to medium -grainéd sand, unconsolidmed‘
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Silt and. fine - grained sand; some cloyey‘ silt. layers : 7t
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I E Silty clay and clayey silt layers; carbonate :
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Figure 13. Photograph of offset Ramey Gravel (Qr) and sketch of faults at
excavation 35 (fig. 2b. station 35). Ramey Gravel (Qr) on hanging wall is slightly
tilted and dips about 5° south-southeastward. Strike of excavation 35 is N80O°E
(oblique to faults). View of photograph is south-southeast. -
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, EXPLANATION
d Sandy pebble to cobble gravel E:::::j Clay, slightly silty ¢ 'CaCOy
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Figure 14. Photograph of offset Madden (Qm) and Ramey (Qr) Gravels, unfaulted
Balluco Gravel (Qb). and sketch of excavation 82 (fig. 2b, station 82) illustrating
unfaulted Balluco Gravel overlying faults. Qws - windblown sand; Qcsw - colluvium
and/or slopewash. Photograph view is south-southwest.
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Figu‘re 15. Photograph of channel that has been cut into Camp Rice Formation and

filled with younger (Holocene?) alluvium. Outcrop location is approximately 150 m
south of station 139 (fig. 2b): Staff is 1 m long.
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Table 1. Types of data collected at selected stations. Station numbers correspond to locations
depicted in figure 2b.

Selected Scarp morphology Outcrop Excavation Fault-plane Profile for
station profile sketch log characteristics Qm offset*

1
8
13
14
17
22
25
29
33 ,
35 + +
37
39 +
44 +
45 +
46 +
69 +
76 +
81 +
82 +
89 ’ +
95 +
96 : + \ +
98 +
103 + +
115
116 + +
117 + +
121 +
136 + +
138 +
139 ‘ + +
140 +

+ + 4+ 4+ + + 4+ o+

+ 4+ + + +

+

+
+

+

*borehole data used in conjunction with topographic profile data at some locations
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Ma

Table 2. Stratigraphy of the Hueco Basin study area and south-central New Mexico.

ka |

20
30

100
150

200

500

2.0

3.0
5.0
10.0

20.0
30.0
100.0

115.0

HUECO BASIN, SOUTH - CENTRAL NEW MEXICO % %
TRANS ;PE:OS RIVER VALLEY BOLSONS
TEXAS BORDER SLOPES | FLOODPLAIN
- : [ 1 Arroyo ® |Arroyo alluviume
] Windblown 2 aliuvium .
B sand, Rio . Organ
4 Grande ond ®3 Fillmore . :
] Holocene | S0 ond | vounger :
2 S B S G % PR R S R SR IR L. et da et
g aliuvial fan o o Fort . |valley -
” °'|‘Id slope Selden till
e alluvium  * | Isoacks
Leasburg Ranch
= ‘l ‘lL (valley incision)
d ] ] e i e e G s s e e e e —— | —————a
el Balluco
- ® Gravel i
i = Picacho Older
& e valley - Jornada
. X o
2 ————— — — fill
. | —— — alluvium
- [ Ramey ——
1 @ | Gravel Tortugas
e
13 i o e 6
4 e | * Gills 94 e
- Sy, o ¢0/
» *_ Gravel IO R
by = R TR s e o ] <
P Madden Gravel e \\ D2S
1% 18 #roxt uped AT Mesa 4
- %’ ._)k_h.m_s.ei.s_miel — =) surface
° a3
- = D
Camp Rice A .
4 Forr:otion Camp Rice Formation
=
o ]
w
. 01 0z
,_,_,J-/"'/f ________________
Pliocene
n Fort Hancock Formation
Fort Hancock
Formation
=
4 Miocene
T— PSP EXPLANATION
Jotunpens hpnnicininpions 012 DATED MATERIAL
Washita rocks . Carbonized wood or organic material in soil
w
o Finlay Limestone O Volcanic ash
® o
28 Cox Sandstone B Bascit
- “') el Dl, Al Number corresponds to numbper used in table 3
- Bluff Mesa /
o Campagrande * Terminology after Albritton and Smith (1964) ond Strain (1966)
Formations * ¥ Modified from Hawiey (1975) and Gile and others ( 1981)
QAI2209
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Table 3. Dated material at and near Campo Grande fault study érea, Hueco Basin, Trans-Pecos Texas.
Numbers correspond to table 2.

Material

carbonized
wood

organic
material
in soil

organic
material
in soil

organic
material
in soil

ash
(Huckleberry
Ridge)

ash
(Huckleberry
Ridge)

ash
(Lava Creek B)

basalt

felsic intrusion

mafic to
felsic intrusion

Number

1

Date Analysis Location
970 + 20 C-14 upper Alamo
Arroyo
1,330+ 60 C-14 upper Alamo
Arroyo
3,240 + 230 C-14 proposed repository
study area
7,510£100 C-14 proposed repository
study area
2.1 Ma see reference Diablo Arroyo,
Hudspeth Co., TX
2.1 Ma see reference Madden Arroyo,
Hudspeth Co., TX
0.6 Ma see reference El Paso,

294+1.1Ma K-Ar
341 +0.7

49.7+25Ma  K-Ar

469+1.2Ma  K-Ar
47.2+1.2
47.5+25

El Paso Co., TX

basalt intrusions

approximately 5 to 8 km

west of Quitman and
Malone Mountains

Finlay Mountains

Finlay Mountains
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Reference
R. Baumgardner
(personal
communication, 1988)
R. Baumgardner
(personal
communication, 1989)
R. Baumgardner
(personal
communication, 1989)
R. Baumgardner
(personal
communication, 1989)

Izett and Wilcox (1982)

Izett and Wilcox (1982)

|zett and Wilcox (1982)

Henry and others (1986)

Matthews and Adams (1986)

Henry and others (1 986)
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" Table 5. Relationships between Quaternary units and faults. Qm-Madden Gravel, Qr-Ramey Gravel, Qb-Balluco

Gravel, Qal-Arroyo Alluvium and associated low terraces. Fault strand locations are shown on figure 2.

Fault
strand

A

Qm

Scarp indicates vertical offset;
amount of offset unknown;
scarp covered by windblown

- sand.

- Scarp indicates vertical offset;
- amount of offset unknown;

scarp covered by windblown
sand.

Scarp indicates vertical offset;
scarp covered by windblown
sand; at least 8 m throw on
Qm caliche based on
measurements from gully
outcrops and shallow
augerholes.

- Scarp indicates vertical offset;

10 m throw based on
measurements from gully
outcrops and shallow

- augerholes; throw near
- eastern termination south of

Finlay Tank is 3.7 m where
Qm of downthrown block
dips 12° NE (maximum)
toward fault.

Scarp indicates vertical offset;
amount of offset unknown;
scarp covered by windblown
sand.

JScarp indicates vertical offset;
much of scarp covered by

windblown sand; 1.3 m throw

measured at one locality.

Chronostratigraphic relationships
Qr Qb

No vertical offset
based on absence of
scarp.

No vertical offset
based on absence of
scarp.

Strand does not
intersect Qb.

No vertical offset -
based on absence of
scarp.

Strand does not
intersect Qb.

Strand does not
intersect Qr.

No vertical offset
based on absence of
scarp.

Not faulted.

Strand does not
intersect Qb.

Strand does not -
intersect Qr.

Strand does not
intersect Qb.

Strand does not
intersect Qr.

62

Qal

No offset based on
unfaulted Qal overlying
fault and absence of
scarp.

No vertical offset based
on absence of scarp.

No vertical offset based
on absence of scarp.

No vertical offset based
on absence of scarp.

No vertical offset based
on absence of scarp.



‘ Table'vS, cont'd.

G

“Scarp indicates vertical offset;

9 to 10 m throw based-on

shallow-augerholes; Qm of
downthrown block dips NE
toward fault; localized tilting

~of younger calcic horizons

which dip SW.away from

~fault; throw near eastern

terminationis 1 to:1.5m..

Dissected scarp indicates
“vertical offset; 6 m throw

based on measurements from
outcrop; strata on
downthrown block dips 5 to
7° SW, away from fault.

Strand does not intersect Qm.

- Dissected scarp indicates’
“ vertical offset; 9 m throw

based on measurements from
outcrop. ‘

- Strand does not intersect Qm.

Scarp indicates vertical offset;

1 to 2 m throw based on
measurements from outcrop.

Strand does not
- intersect Qr.

* measurements fromgully
- outcrops, excavations, and

Scarp indicates
vertical offset; 3 m
“throw based on

measurements from

outcrop and an

excavation. .

Scarp indicates

vertical offset; 2.6 m -
.-throw based on -

measurements from

~outcrops. -

No offset based on
unfaulted Qr
overlying fault and =
absence of scarp.

No offset based on
unfaulted Qr '
overlying fault and -
absence of scarp.

No offset based on . ..

unfaulted Qr

- overlying fault and-

absence of scarp.
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- strand does not
intersect Qb.

No offset based on
unfaulted Qb
overlying fault and
absence of scarp.

Strand may not

intersect Qb; Qb west.
of fault has no'scarp. -

strand does not
‘intersect Qb.

“Strand does not '
intersect Qb. - -

No vertical offset
based on absence of .
scarp. :

No vertical offset based

- on absence of scarp.

~No vertical offset based

on absence of scarp.

No yertical offset based
on absence of scarp.

No vertical offset based
on unfaulted Qal
overlying fault and -
absence of scarp.

: No \)ertical offset based

on absence of scarp.

No vertical offset based
on absence of scarp.



Table 6. Vertical separations between the tops of overlying calcic horizons (a to e; e is Qm caliche)
on the downthrown fault block and between the tops of the youngest faulted calcic horizons and
the possible "last-event" scarp. Excavations 14 and 25 are illustrated in plates 2a and b.

Number of Vertical separation (m)
calcic horizons ‘
on hanging wall Top of possible "last-event scarp” Calcic horizons
Location fault block to youngest faulted calcic horizon (a = youngest)
Excavation 14 5 1.3 atob = 1.6
(west wall) ’ btoc =1.1
ctod = 2.2
dtoet =15
Excavation 14 5 1.1 atob = 1.2
(east wall) btoc =1.1
ctod =22
dtoef =1.5
Excavation 25 3* — atob = 1.1
(west wall) ' btoc =1.3
Station 45 2 2.0 atob =1.5

* more calcic horizons exist at depth :
t projected from augerhole near station 1, southeast of excavation at station 14
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~ Appendix 1-1. Outcr : |
’Y‘QTcr'-»‘Ca'mprice‘Formation: Qr - Ramey Gravel.

;Outérbb sketch of faults and. fractures at sta,t_ioh 44 (fig. 2b).
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Appendix 1-2. Outcrop sketches of (a) faults at station 39 and (b). faults at
station 138 (fig. 2b). Tfh - Fort Hancock Formation: QTcr - Camp Rice Formation;
Qr - Ramey Gravel; Qb - " Balluco Gravel: Qcsw - colluvium and/or slope
wash alluvium. G : ' LA . .

67



Northeast Southwest
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Appendix 1-3.  Outcrop sketch of fault at station 136 (fig. 2b). Angular unconformity
occurs between Fort Hancock and Camp Rice deposits. CaCO., occurs along fault
plane. Tfh - Fort Hancock Formation: QTcr - Camp Rice” Formation: Qws -

-windblown sand.
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Appendix 1-4. Outcrop sketches of (a) faults at station 117 and (b) fault at
station 139 (fig. 2b). Tfh - Fort Hancock Formation: QTcr - Camp Rice Formation:
Qal - Arroyo channel or associated low-terrace alluvium.
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