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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 basiﬁ is asymmetrical with the thickest sediments deposited along the
fault-bounded basin axis near the southwestern flank. Approlcimately 45 km long arld 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 of fill)
northeastern flank. Another major northwest-striking fault dips northeastward and bounds the
south_westerrl basin margin in Mexico.

‘The Campo Grande fault trend is composed of 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. Displacemerlts
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 preéerving scarp heights of between
1.5 and 11.5 m and scarp slopes of 4° to 17°. | |

- Analysis of faulted upper Tertiary and Quaternary units indicates that successively younger
units have less displacement. Maximum vertical offset measured across fault strands cutting the
- middle Pleistocene Madden Gravel (0.6 to 0.4 Ma old), which caps the Camp R1ce Formation, is
about 10 m. Repeated arroyo 1nc1s1on and ﬂuv1al aggradauon since the mlddle Pleistocene have |
developed Pleistocene terraces that are locally coxrelatlve and are mapped as parts of the reg1onally
outcroppmg Ramey and Balluco Gravels Holocene terraces also occur. Maximum throws across
 fault strands that cut Ramey terraces (0.4 to 0.1 Ma old?) are 2.5 to 3 m, but some Ramey deposits
overlie fault strands and are not faulted. Offset of Balluco (0.1 t0 0.025 Ma old?) and Holocene
terraces has not been observed at fault strands that cut Ramey terraces. The average recurrence

1nterval is 0.1 Ma (maxxmum), and the last faultmg eplsode was late Plelstocene On the



downdrbpped block of one fault strand, faulted calcic horizons (0.5 to 1.0m thicl_c; stage Iﬁ) with
-vertical separations of 1 to 2 m indicate at least five episodes of movement, depositidh, and surface
stabilization during 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 in the southeastern vHueCo Basin, ‘or Hueco
Bolson, of Trans-Pecos Texas (fig. 1). This z,one‘is' chposed of a ‘series‘of en echelon normal
faults. Qua'terhary strata are offset e.nd scari)s are expressed at the surface along the fault trend.
Documentation of the history of fault movement is irnportant because an afea 12t03.1mi(2to05
km) northeast of the fault is being studied as a site for a proposed low-level radioactive waste
repository (fig. 1). Data on Quaternary feulting are important for assessing potential earthquake
‘hazards and for designing a safe repbsitofy (Slemmons and dePolo, 1986). Knbwledge of fhe
Campo Grande fault also provides information on the development of the Hueco Basin and on the
history of Basin and Range faulting in the region. This report describes the ‘fault in detail and |
discusses the Quaternary history of fault movement. ’Interprete.tions are based on scarp
inves'tigati'o“ns and analysis of crosscutting relationships between the fault strands and Quaternary
units. The fault is best exposed between Alamo and Diablo ;‘Arroyos, 1.8 t0 4.6 mi (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 of Trans-Pecos Texas and Chihuahua, Mexico, lies within the northem
Chihuahuan Desert and has a subtropical arid climate. Annual mean prec1p1tat10n is approxlmately
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 buse (Larrea
tridentata), tar bush (Floit'revnsia cernua), cat claw (Acacia greggi), and fnesquite (Prosopis

juliflora).



Methods

Study results are based on geologic mapping,' ﬁeld observations,‘ and measmements of fault
- scarps, outcrops, excavatlons, and shallow Om maximum) augerholes. Most outcrops are along
arroyos and gulhes Selected ﬁeld stauons are 1llustrated in ﬁgure 2 and table 1. Most of the aerial |
photographs 1nterpreted for this study were low- sun-angle mommg and afternoon photographs at
approximate scales of 1:12,000 and 1.6,000, taken during December 1985. Smaller scale
(approximately 1:62,000) and older (1953) Army Mapping Survey ae’rialphotographs were also
examined. U.S. Geologieal Survey ’7.5-minute.top0graphic quadrangle maps (1:24,000) include
the Small, Campo Grande, Diablo Can'yon. Wes.t,‘ Cavett Lake, Fort Hancock NW, Torni_llo, and
Clint SE Quadrangles. Geologic mapping was done at scales of 1:12,000 and 1:6,000. Detailed -
profiles of scarps were measured'usingan Abney level. Five excavations were dug by bulldozer,
and nine shallow augerholes were drilled (three by‘-trailer-'mounted rig and six by portable power :

‘auger). Approximately 85 days were spent collecting field data between June 1988 and May 1989.
Previous Work

AbnOrthwest-striki_‘ng fault strand southwest of Campo :Gra.nde Mountain and a fault scarp
northwest of this mountain were first mapped by Albritton and Smith (1965) during reg»ion'al
studies of the Sierra Blanca area. They stated that the yyesternmost fault e)vctended northwestward
out of their study area ahd ‘reported seeing no evidence of faulting in‘any gravels younger than the

Madden Gravel (table '2) within their regional study area. Strain (1966) also mapped'a northwest-
striking fault in this region between Camp Rice and Diablo Arroyos during his stratigraphic
' mvestigations 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 southwest of

Campo Grande Mountain by Willingham (1980) dunng_his study of the ba,51n-fill deposits. Part of



v the Campo Grande fault is shown on the Geologic Atlas of Texas, Van Hom—El Paso Sheet scale

~ 1:250,000 (Dietrich and others, 1983) and on the Tectomc Map of Rio Grande Rift Reglon in New

| _ Mexwo, Chrhuahua, and Texas, scale 1:1,000, OOO (Woodward and others, 1978). A recent report
prepared by Sergent Hauskms and Beckw1th (1989) also 1llustrates and drscusses the Campo |
Grande fault Characteristics of the Campo Grande fault mennoned m the Sergent, Hauskins, and
Beckwith (1989) report were formally presented by Barnes and others (1989a) Other Quatemary‘
faults of the Hueco Basin have been mapped or descnbed by Muehlberger and others (1978), _v
: Woodward and others 197 8), Seager (1980), Henry and Gluck (1981), Henry and Price (1985), |
Machette (1987) Sergent Hauskins, and Beckwrth (1989), Barnes and others (1989b), and
) Keaton and others (1989) Other research on Quatemary faults in parts of T rans-Pecos Texas and
central and southern New Mexrco includes works by Goetz (1977, 1980), Machette (1978a,b),
| Seager (1981), Glle (1987), and Beehner (1989) Geologlc maps of parts of northwestern Mexico
(Coordinacion General De Los Servicios Nacionales De Estadlstlca, Geograﬁa E Informatica),

scale 1: 250 000, were also used dunng this study
TECTONIC SETTING

The Hueco Ba51n is an intermontane basm that formed in response to Basm and Range
faulting that was initiated about 24 Ma ago. An earlier deep sedlmentary basin, the Chrhuahua _
Trough, developed durmg the Jurassrc,_Penod m_ westernmostTrans-Pecos:. Texas and in
Chihuahua, Mexico (Henry and Price;‘ 1985);.The_northeastern margin of the trough approximately E
| parallels,the present Rio Grande on the Texas sidé of the river and probably consists of down-to-

the-southwest normal faults. This northwest-trending part of the Hueco Basin coincides with the
regional structure zone referred to as the Texas Lrneament (Muehlberger 1980) Jurassw
- evaporites are the oldest Chrhuahua Trough deposrts Cretaceous marine sedunents ﬁlled tlns basin
and buried the trough-bound_mg normal faults (Henry‘and Price, 1985). The Clint fault (Uphoff,

1978), interpreted from subsurface data collected 18.6 mi (3_() km) southeast'of El Paso, verifies



the existence of one of these normal faults that bound the Chihuahﬁa Trough. Subsequent
Laramide deformation thrust Cretaceous rocks noftheastward alon g a décollement zone of Jurassic
evapbrites and produced north-northwest-trénding ihrust faults, folds, and monoclines along the
northeastern margin of the Chihuahua Trough (Gries and Haenggi, 1971; Henry and Price, 1985).
The Krupp No. 1 Thaxton well thét 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 2.5 to 3 mi (4 to 5 km) northeast of the
trace of the Campo Grande fault.

Volcanic activity in the Trans-Pecos fegioh 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 and others, 1986). The nearest volcanic rocks are basaltic, andesitic, and
trachytic to latite dikes and sills of the Finlay Mountaihs, about 4.3 t0 9.3 mi (7 to 15 km) east-
northeast of the study area and basalt intrusions, about 9.3 mi (15 km) southeast of the study area
(fig. 1). Da;cs of thé Finlay Mountain intrusions range between 46 and 50 Ma (Matthews and
Adams,ﬁ 1986; Henry and others, 1986), and the basalts southeast of the study area are about 29
and 34 Ma (chry and others, 1986). The domed outcrop pattern of the Permian and Cretaceous
- rocks exposed in the Finlay Mountains suggests ihat two large igneous bodies are present in the
subsurface (Albritton and Smith, 1965; Métthews and Adams, 1986). Most of the volcanism in
~ Trans-Pecos Texas occﬁrred while the area was under east-northeast compression during the
waning stages of Larami_de deformation (Price and Henry, bl984; 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 well developed by about 24 Ma ago (Henry and Price, 1985,
1986; Stevens and Stevens, 1985). Basin and Range faulting and magmatism in Trans-Pecos
Texas and southern New Mexico has been episodic; (Seager and others, 1984; Henry and Price,
1985; Stevens and Stevens, 1985). In Trans-Pecos Texas periods of accelerated fault movemeht
and sediment deposition in structural troughs may have occurred between 24 to 17 Ma ago, about

10 Ma ago, and after 7 Ma ago (Stevens and Stevens, 1985, their fig. 4). Early regional extension



bwas onented east-northeast and later extensmn was ortehted northwest (Henry and Pnce, 1985;
Prtce and others, 1985) Although ev1dence of this change m extens1on dlI'CCthHS in the Trans- _
' ~Pecos regton has been mterpreted the time of this shift has not been well estabhshed A 51mtlar
change in stress field onentat1on occurred in other parts of the Basin and Range Provmce about 10
: Ma ago (Henry and Price, 1985). | ‘
Seager (1980) descnbed the northwestem part of the Hueco Basin (northwest of the study

area) as-an asymmetrlc, west-tllted graben Mattick (1967) calculated as much as 2 740 m of basin
ﬁll in the center of the graben at the northwestem arm of the basm Ramberg and others (197 8)
‘, est1mated between 2 ,000 and 3, OOO m of Cenozorc fill. The geometry of the Hueco Basin in the
study area 1s also. asymmetnc Wen (1983) determmed that basm ﬁll along the basm axis southwest ’
of the Campo Grande fault was greater than 2,000 m th1ck Grav1ty and magnettc maps presented_
'by Keller and Peeples (1985) also outline an area of thick basm ﬁll southwest of the Campo :
Grande fault Northeast of the fault, boreholes mtersected the base of the basm-ﬁll sed1ments at
depths of about 175 m. | | " |

’ The Campo Grande and other normal faults of the Hueco Basm formed dunng Basm and
Range extenswn LeMone ( 1989) 1nterpreted the northwest-strtkmg subsurface Mesoz01c Cltnt :
fault, as deﬁned by Uphoff (1978), as being related to the smularly stnkmg Campo Grande fault. |
_Uphoff (1978), however, clearly shows in a cross section that the Clint fault does not offset the'
Cehozoic bolson fill. In addition north‘-'striking Quatematy faults trend'through the areavbetween
the Campo Grande and Clint faults Although it is p0531ble that the Campo Grande fault is related :
B () Basm and Range reactivation of a preextstmg fault, there is no ev1dence that 1t is contmuous thh,

the Clint fault | | | | | i |

Most of the hiStorical seismicity of Trans-Pecos Texas has occurred near the north- trendin‘g:_

- Salt Basm reglon approx1mately 56 m1 (90 km) east of the Campo Grande fault study area

'(Sanford and Toppozada 1974 Dumas 1980; Reagor and others, 1982 Davrs and others 1989) -
‘No events h_ave been reported along the C_ampo Grande fault, ;although Dumas (1980, his ﬁg. 1) |

plots two epicenters along the Texas—Mexico border in the Hueco Basin, including one located



near the northwestem end of the Campo Grande fault Dumas reported that these eplcenter
locatlons are accurate to within 5 mi (8 km). Most hlstoncal earthquakes of the Hueco Basin have
~ been near El Paso; the largest event was a Modlﬁed Mercalh (MM) 1ntensrty VL The 1931
Valentme earthquake (Dozxer 1987) of intensity VII MM M=6.4) located near Valentme, Texas,
about 62 mi (100 km) southeast of the study area, is the largest recorded earthquake in Trans-

o Pecos Texas
" STRATIGRAPHY

Stratigraphic nomenclature u‘sed in this reportis based on the work of Albritton and Smith
(1965) and Strain'(1964, 1966) (table 2). Plate 1 illustrates that the surface geology in the vicinity |
of the Campo Grande fault cornprises hills of Lower Cretaceous bedrock that are surrouhded.by

- Pliocene through Recent sediments.
Lower Cretaceous Units

Cretaceous units that crop out ihthe study area include ‘(vin aseendirtg 'sequence) the Bluff
Mesa’Formation, Cox Sandstohe, and Finlay Limestone. The Bluff }Me‘sa is mostly livrnestone,
although the unit also'contains rrt_inor _antounts of :sandstone and shale. Cox is mostly sa_ndStohe
with some lirnestone,' and Finlay is dominantly linrestone (Albritton and Srnith, 1965). In the 'studvy
area these units were fractured and folded during Laramide compressional deformation. Albritton ‘
and Smith (1965) mapped a syncline and an overturned anticline at Campo Grande vMountain (plate |
). About 4.3t0 6.2 mi (7 to 10 km) north of the study area, Cox Sandstone and Firtlay Limestone -
orop out on the Diablo Plateau and ,its escarpment. On the plateau these units are relatively
 undeformed and flat I)ti:ng, although at the plateau escarpmeht they' gently dip 5° to '8°

- southwestward mto the Hueco Basin, formrng a west-northwest-strlkmg monochne This

deformatlon possibly was caused by loadmg that occurred dunng the Lararnlde thrustmg southwest -



of the plateau. Later subsidence of the Hueco Basin may have also warped these Cretaceous rocks
along the plateau escarpment (basin flank). Seismic data indicate that Cretaceous strata beneath
basin-fill sediments between the escarpment and the thrust margin also dip southwestward at low
angles. Approximately 2.5 mi (4 km) north of the study area, a borehole encountered Washita
rocks below the basin—fﬂl sediments. Cretaceous Finlay Limestone, Cox Sandstone, and
Campagrande Formation and Permian rocks in the Finlay Mountains (3.1 mi [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 Basin were initially defined by
‘Strain (1964, 1966). These formations haQe also been referred to by Albritton 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 (1989). Fort Hancock sediments that crop out in the study area are clay, silt, and sand,;
bedded gypsum and gravel are locally present elsewhere in the unit but are rarely found in the
study area. Sediments composing 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,
minor lacustrine, and floodplain deposition. Braided stream deposits near the basin axis were
deposited by the 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 éomposition and depositional setting. At a locality
southwest of the fault, Vanderhill (1986) determined the éontact to be about 2.48 Ma old on the
basis of 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 Arroyo

(3.1 mi [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 Huckl_eberry Ridge ash by Gile and others (1981) and
- Izett and W_ilcox (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,v about 37 mi (60 kr_n)‘ '

northwest of the study area.d
Pleistocene Gravel Units

Albntton and Smith (1965) deﬁned and regionally mapped five Pleistocene gravel units that'
‘overlie the Fort Hancock and Camp Rice Forrnanons in the Hueco Basin. Oldest to youngest theyv ”
are the Miser, Madden Gills, Ramey, and Balluco Gravels Geologic mapping by Albntton and
Smith (1965) indicates Madden, Ramey, and Balluco Gravels are regionally extens1ve deposits,
whereas the Miser and GlllS 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
piedrnont slopes and on terraces of arroyos that-have incised older sedirnents. Gravel is locally
derived and, in the study area, the pebbles and cobbles consist mostly of limestone, sandstone,
andesite, and chert. These units are usually 1.5 to 2.5 m thick, and the calcic soils and indurated
calcic soils (referred to in this rep_Ort as caliche) that are developed within and that cap these units
areOStolSmthick | | PR | | | |
| Characteristics of calcxc soils have been descnbed by Gile and others (1966 1981) and
- ~Machette (1985). Machette (1985) described severa.l processes that could precipitate calcrc soils, "
- favoring aiproc'ess that involves airborne CaC03 and'vCa+2 dissolved in rainwater. The Ca’Cvog
particles, which are leached from the surface and upper horizons of the soil" precipitated in lower
soil horizons at a depth controlled by soﬂ m01sture and texture (Machette 1985; McFadden and -
_ Tinsley, 1985) Morphologic stages of CaCO; in calcxc soils and pedogenic cahche developed |
under arid and semiand,climates in the American Southwest have been described by Gile and -
iothers: (1966) and Machette '(198:5_)'. Six Stages of ’seqUential CaCO;, d‘eVelopment ('nu'mbered I

through VI) are defined on the basis of physical characteristics. In this classiﬁcation, Madden



Gravel caliche is mostly stage IV because of its 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 III, which is determined by the massive CaCO; accumulations
existing between clasts where gravel content is hlgh and by a matrix that is firmly to moderately
cemented where gravel content is low. Sparse larmnae also occur in the upper part of the Ramey
Gravel caliche. Locally, Ramey Gravel caliche is less developed and is stage III to II. It is
characterized by a ﬁrmly cemented matrix with slight to massive CaCO, accumulations between
clasts and by 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 's'tage II development,
which is characterized by continuous, thin to thick CaCO, coatings on the tops and undersides of
~ pebbles. Local calcic soils. developed in alluvium on the downthrown blocks of several fault
strands have stage IIT development, as indicated by coalesced nodules and a ﬁrmly to moderately
cemented matrix. | |

Miser Gravel does not exist in the study area, and only small, well-dissected remnant
deposits adjacent to the Quitman Mountams were mapped by Albritton and Smith (1965) Miser
Gravel appears to be a fan facies of the Madden piedmont gravel. Madden Gravel is more
 regionally extensive than the Miser, and in the study area Madden Gravel caps a piedmont slope on
the Camp Rice Forrnation. Gills Gravel is not mapped in the study area. Regional mapping by
Albritton and Smith (1965) identified the Gills only locally near Arroyo Calero, about 10.5 mi (17
km) southeast of Diablo Arroyo. The Ramey and Balluco G‘ravelsv of the fault study area were |
deposited on terraces of Diablo, Camp Rice and Alamo Arroyos which have incised Madden
Gravel and the older Camp Rice and Fort Hancock Formations (plate 1 and fig. 3). Southeast of
the study area, adJacent to the Quitman Mountains, Ramey and Balluco Gravels were deposrted on
piedmont slopes. |

Presumed ages ‘of the Pleistocene gravel units are eStlmates based on _fi_eld stratigraphic

relationships, the degree of calcic soil development, and possible correlation with similar units in

10



New Mekico 'The possible age ranges areillu’strat’cd 1n table 2. }'These units’ lack suitable materials
for accurate age dating. Albritton and Srmth (1965) 1nterpreted the Miser Gravel to be the oldest
gravel unit on the basis of its elevation. In thexr map area, it is present only locally adjacent to the
‘Quitman Mountains; this field characteristic prevents regional correlation of the unit. The reglonally
" ,extensive Madden Gravel appears to correlate with the LaMesa and Jornada I surfaces of south-
v ’Central New Mexico. The 0. 6-Ma-o1d Lava Creek B ash in the upper ‘Camp‘Rice Forrnat'ion

prov1des a maxxmum age In south-central New Mexrco, the LaMesa surface is overlam by basalt
~dated at about 0.5 Ma Calcrc soils of the Madden, Gills, Ramey, and Balluco Gravels have
decreasing morphologlc stages of CaCO; development respectlvely Field relationships indicate
 that the Balluco Gravel, the youngest »gravel unit, is older than terraces of the modern Rlo Grande
~ (fig. 3). The last rnajor episode of Rio Grande entrenchment occurred approximately 25,000 to

10,000 years ago (Gile and others, 1981). - |
Holocene Alluvium and Windblown Sand

Arroyo and gully alluv1um sxmllar to the Plelstocene gravel units, is composed of 1ocally‘
derived sand and gravel. Modern arroyo channel deposrts and young low terraces were mapped
together durmg this study (plate 1). Carbomz_ed wood in Alamo Arroyo alluvium has been dated as p
being 970 + 20 years old (tables 2 and 3). Organic material found in low terrace alluvium in upper
Alamo Arro‘yob has been dated as being 1;330 + 60 years old. kBoth of _ these dated sarnples were
~ collected north of the fault study area. Organic material in alluvial slope deposits overlying the
Madden or Ramey Gravel also was coilected about 28 rm (4.5 km) north of the study area and has -

heen dated as being 3,240 + 330 and 7,510 + 100 years old. Windblown sand forms stabilized
-low dunes and coppice mounds that cover the Madden, Ramey, and Balluco 'Gravels over much of

the study area.
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~ FAULT OCCURRENCE AND GEOMETRY

The Campo Grande fault is a 45- km long fault trend that 1s composed of at least 16 en

| echelon fault strands (ﬁg 2). This ser1es of faults strikes northwestward 1s downthrown toward

~ the southwest and is about 7. 5 mi (12 km) from the northeastem edge of the Hueco Basm The

' Campo Grande fault d1v1des the downthrown central part of the basin (>2 000 m of fill) from the
shallower (175 m of ﬁll) northeastem flank. In the footwall of the Campo Grande fault are several
northwest-trendmg hmestone and sandstone (Cretaceous bedrock) hlllS The Campo Grande fault
was named after Carnpo Grande Mountam the highest of the hlllS that are adJacent to the fault

strands (Stram, 1966). The fault bls the southwest margm of a narrow, 2- to 4-km-wide, bedrock
| high (poSSibly a horst block)y(fig 13 and plate 1‘)‘ Seismic data 'locally lndicate that.the northeast

5 ,margm of this bedrock hlgh may be fault bounded although the 1nferred northeast-drppmg normal )
fault does not cut Fort Hancock sed1ments (>2 48 Ma old) exposed at the surface. | '

Individual fault strands are 1.5 to lO km long and have strlkes of N25° to 75°W (flgs 2 and

H4a) D1ps are between 60° and 90° southwest Outcrops and excavauons of the faults 1nd1cate that'
'smaller drsplacement (offsets commonly less than 1m) faults are commonly adJacent to the mam"

- fault strands (plates 2a and b; appendlx f1gs A 1 A 2, and A-4). These mam fault strands

commonly d15place Fort Hancock sednnents against Camp R1ce sedrments Gentle warpmg and :

trlt1ng of strata adJacent to faults is common. At a few locauons in the footwall block the units
| gently d1p (as hlgh as 7°) toward the fault. Umts m the hangmg-wall block locally dip as much as ‘
10° toward the fault although at several locauons umts dip 5° to 15° away from the fault Pebbles’
and cobbles of the coarser units are commonly rotated unmedlately adJacent o the fault planes
Although the Tertlary and Quatemary sediments that crop out are not strongly lithified,

‘grooves that formed dunng fault movement are present on ‘some of the main fault planes and'

1ndrcate shp dlrecuo_n. These grooves have rakes of 65°_to 90° (fig. 4b). The main component of | N

- movement on these normal faults is in a downdip direction. Some of the measurements that havea
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‘small oblique-slip component probably result from d1p shp on fault planes that curve along stnke ’
* _.Thus, some parts of the curved normal faults are not perpendrcular to extenswn d1rect10n The
»‘ strike of one curving fault trace changes from N12°W to N42°W to N74°W along 02 km, and the '
str'lkes‘of many :faults} shift by about 25° over short ‘distances. ‘Small-vdisplacement fau1ts '(throvys-
<1 m) strike between N°34 to 60°W and dip 49° to 88° south\yestand northeast. They typically
* form small grabens and horsts. Grooves on the main fault rplanes and the geometries of small-scale
| grabens and horsts indicate that the normal faults developed byiextension in a N30° to 40°E to S30°
to 40°W direction (fig. 4b and c). Sedlments along fault planes are often cemented with CaCOs.
Soft sed1ment deformatlon that p0581bly is due to hquefactlon initiated by earthquakes has been
observed at only one location 1 300 ft (400 m) south of stanon 44 (fig. 2b). This deformanon ist
'characterrzed by chaotlc folds in Camp Rice sand (fig 5) and possible ﬂu1d-escape structures.
’T1m1ng of this event is unknown, but 1t clearly occurred when the Camp Rice sediments were

» water saturated
'SCARP MORPHOLOGY

Analyses of fault-sCarp morphologies h_avebeen used to interpret approximateabsolute ages |
of young normal faults in the westemb_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 quant1tanve analyses of scarp slopes w1th scarp heights are often ‘

used to est1mate ages of the last faultmg event. The baS1s for assummg a relanonshrp between scarp o

morphology and scarp age is that scarps formed by h1gh-angle faults are ,nearly vertical and '
degrade by initial collapse of the scarp»face and subsequent erosion and deposition along the scarp' _
v }(Wallace, 1977). Bucknam and Anderson (1979) determined that for scarps of knownage, scarp-
slope anglesv increase at regular incrementswhen .sc,.arp heights increase. 'D'egradation of scarps"

through time '(increasing: scarp ages) result’s'ln lower scarp-slopeangles.
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The 'duration of erosionis. a major' factor thatfinfluences the morphology of fault scarps,
-, ) “altho'ugh, climate and lithologv also affect scarp erosion and are equally ’important Regional and
| local variations in climate or temporal changes in climate may affect how rapidly scarps erode. |
Scarps of 51milar ages that are eroded under dissnnilar climatic conditions may have different

morphologies, or scarps of different ages could have Similar morphologies Highly localized

N climate events and local physrographic settings may. also cause variable erOSion rates and thus

| "cause significant variations in'the morphology of a smgle fault scarp Lithologies of the faulted 7_
- units also directly influence rates of scarp erosion. In the Campo Grande fault study area, surface ‘
and near-surface c_aliche,,(commonly stage IV, locally -stage}V) overlies relatively unconsolidated
;'sediments‘, provides some resistance to erosion, and signiﬁcant_lv affectsthe developrnent of ‘scarp»

:rnorphology. p ’
Scarp De‘script'ions .

Scarps of theCampo Grande fault trend have been modified by erosion of the footwall and
’ deposition on the hanging wall. In many'-‘places windblovvn sand also covers the scarps, preventing -‘
detailed observations The nscarps are mostly sing’le-SIOpe‘ scarps (fig. 6a), although in a few -

isolated areas compound scarps that have multiple scarp slope angles (Wallace 1977) are present '

(fig. 6a and b) Single slope scarp heights range between 1. 5 and 11 S m, and scarp slopes are

between 3° and 11°, although slopes a_re most commonly 4106° ,(fig. 7 and table 4). Steeper slopes .
of the compound scarps arﬂe 10° and l’f° and are up to 1.7 mhigh The regional surface sIOpes _l°>‘ o
3° south‘Westward,y perpendicular to the strike of the fault scarps. Heights of s_carps_(particularly‘ »
' those on the Madden Gravelsurface) commonly do not accuratel'y indicate Vamounts of faul_t offsets |
_because of deposmon of sediments over the faulted horizon on the hanging wall block

| Scarps of the Campo Grande fault trend are less distinct (have smaller slope angles) than
some of the other faults of the Hueco Basm Scarps of faults that are at the base of Sierra De San

Ignacw Sierra De La Amargosa, and Sierra San Jose Del Prisco in Chihuahua, Mexico (17 mi
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[28 km] southwest.of the Campo Grande fault at the southwest nrargin of theHueco Basin), have
| slope angles up to 27° for 5- to lZ-ni-high scarps. A fault at the eastem base of the Franklin
Mountains (within and north of E1 Paso) also has 5- to 12-m-high scarps that slope between 18°
and 25° (Machette 1987‘) 'l‘hese higher slope angles suggest tbat these faults were more recently |
active than the Campo Grande fault or that erosion of these scarps has been slower than erosion of

the Carnpo Grande fault
Scarp of Fault Strand G

The most distinct scarp assocrated 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 section
between stations 1 and 29 (fig. 2b) was studred in detail to document the variations in morphologic
character‘istics along an individual scarp and t‘ovprovide data concerning relative scarp age and
vfaulting 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 block. 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 '

hmestone, sandstone, and andesite that are typical of the Madden Gravel in this area. Locally along

the scarp slope, cahche crops out. The cahche honzon either dlpS alrnost parallel to the scarp slope
oritis eroded Surface sedrments at the base of the scarp are alluwal sand with scattered pebbles of
limestone, sandstone, andesite, and cahche |
- The scarp is well dissected (figs. 8 and 9), and fntermittent streams that have incised some of ; |
the larger gullie's‘ that cut the scarp have deposlted fanlike alluvival’sediments on the hanging-wall
block (plat.ev 1). Windblown sand depo'sits»commonly cover the surface on the bang‘ing-wall block
E lan‘d, at a few localities, cover p‘arts of the scarp and footwall block (plate 1). Some of the gullies .

N
{
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that cross the scarp are as broad as 30 to 100 m and are ﬁlled wrth alluvium that i is bemg incised by
narrower (1.5- to 2.5- m—wrde) channels. The recent alluvium is not faulted, and ‘many of the
modern gully channels are more deeply incised on the hanging-wall block than on the footwall
block

Scarp slopes and heights vary appreciably along the fault strand (ﬁgs 9 and 10). Helghts
Tange from 1.5 to 6.5 m. The different heights are attributed mostly to variations in the amounts of
alluvial deposition on the hanging wall and to erosion on the fOotwall block, although differences
in fault offsetmay also occur. Higher scarp heights near station 29‘(ﬁg. 95 probably result from
erosion of sediments of the hanging-wall block by a drainage into nearby (0.6 mi [1 km] west)
~Camp Rice Arroyo | |

This scarp of fault strand G has a single slope of 4° to 7°'in most places although at several
localities compound slopes exist. Steep sections of the compound slopes are as muc‘h as 17° (fig.
11 and table 4). Areas with compound slopes appear to be better protected from erosion caused by -
gullying and sheetwash across the Madden Gravel surface. The steepest scarp slop‘e is at station
14, which is protected from erosion by limestone hills located up the regional slope that divert
sorne drainage away from the station. Figure 10 illustrates the subtle character of most of the scarp

of fault strand G.
- Excavations Across Scarp of Fault Strand G-

Logs of three excavations that were dug across the scarp of fault strand G are 1llustrated in
‘plates 2aand b. An excavation at station 14 (excavanon 14) intersects a pan of the fault strand that
’has a compound scarp (steep slope angle as much as 17°), and excavations at statrons 25 and 8
| (excavations 25 and 8) intersect relatively distinct (7° slope angle) and subtle (4° slope angle)
single-slope scarps, respectively. The excavations uncovered a main fault striking approximately
- N60°W and dipping 70° to 85° southwest as well as adjacent srnaller displacement normal faults

having offsets generally less than 0.5 m. Smaller displacement faults are in the footwall block; they
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| strike N 34° to 60°W and dip 49° to 88° southwest and northeast formmg small grabens and horsts
The main fault at excavanon 14 mtersects the surface at the steep section of the compound-slope
E scarp, between the scarp base and crest. At excavanons 25 and 8, which cut smgle-slope scarps, :
b- the mam fault projects to the ground surface about 6to7m southwest of the scarp base. Smaller :
v scale faults do not appear to 1ntersect the surface and often appear to terminate at or w1thm the l to
1.5-m-thick surface to near-surface caliche honzon (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.lSome fracttires 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. | B
| Scarp slopes at excavations 25 and 8 and the more gently dipping portion of the compound-
slope scarp at excavation 14 are underlain by the Madden Gravel caliche horizon, whlch appears to
dip the same amount as the scarp slopes. The caliche may have formed on the slope, or it may have
been gently warped during faulting. A combination of | gentle warping and precipitation of caliche _
on the slope also may have occurred. At excavations 25 and 8, the upper contact of the Madden |
Gravel caliche beneath alluvium southwest of the scarp base has been eroded. |
In the hanging wall of the fault are five faulted calcic horizons (stage III) tha-t are0.5t101.0m
thick (plate 2a). These horiions have verti'cal'separations of 1t02m. The deepest and oldest calcic R
“horizon is Within the downdropped’Madden Gravel which has been offset about 10 m. The
uppermost calcrc horizon is clearly faulted at excavation 14 (1 4 m throw), and the physwal ‘
charactenstics of this calcw soil (stage III carbonate morphology) suggest that it may have taken
about 100,000 years for thlSCaCO; honzon to develop (Machette, 1985, p. 11). The_ upper calcic
horizon at excavation ‘25_ is interpreted as being the same upper horizonv asv that in excavation 14;
although the configuration of the more subtl_e scarp slope makes offset difficult to verify. The
upper calcic horizon at excavation 8 is interpreted as being yOungerthan the“upper calcic horiions
identified in excavations 14 and 25.: ?.This interpretati'on is' based‘on the observatio_n that the

~ sediments at excavation 8 are only very slightly carbonate cemented. A much smaller amount of
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carbonate has accumulated in this horizon than in the upper calcic horizons in excavations 14 and
25. This slightly calcic horizon at excavation 8 does not appear to be faulted. Thick windblown
sand deposits at excavation 8 may account for the additional young sediments that are not present at
excavations 14 and 25.

Unconsolidated sand, silt, and gravel overlying the faulted upper calci‘c‘hon'zon at excavation
14 are in lateral contact with the main fault plane and upthrown Madden Gravel caliche (plate 2a).
These unconsolidated sediments are interpreted as having bcén deposited as slope wash rather than
as having been faulted against the caliche. This caliche is sufﬁciently resistant to erosion to have
remained coherent durin g deposition of these sediments. The gravel unit overlying the upper calcic
horizon at the east wall of this excavation is a localized deposit that does not extend to the west
wall, 11 ft (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

The ages of Cafnpo Grande fault scarps have not been quantitatively estimated using 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 and 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 localities and the buried calcic soil horizons on the downdropped fault block.

18



The last episode of fault movement occurred long enough agc to allcw erosion to degrade most of
~ the v,s'ca’rps to a single slope and to entrench small vallejs across the fault scarp and fill them \&ith
alluvium, which is currently being incised. The overlying calcic horizons cn‘ the dcwndropped
fault-.block indicate at least five episcdcs of tnovemertt, depcsiﬁon, and Surf_acc stabilization on this

fault. A more detailed discussion of faulting history appears later in this report (p. 24).
CROSSCUTTING RELA’I'IONSHIPS BETWEEN STRATIGRAPHY AND FAULTS

The crosscutting relationships between stratigraphic units and faults Were used to interpret
average rates of fault movement and to bracket the time of the most recent fault movement. Average
ratcs of fault movement were determincd by comparing the amounts of displacement on units of
different age. The titne of most recent fault movement was cstimated by comparing the ages of the
youngest faulted unit with the oldest unfaulted units. Camp Rice sediments are downdroppcti
against Fort Hancock sediments along the extent of the Campo Grande fault trend. The total
displacement of these units is the cumulative offset across one to three fault strands. Throws on
younger Quaternary units are small enough to measure across individual fault strands.
Measurements of throws and vertical separations (fig. 6c) are similar in these very gently dippingv '
(<3°) units. The géologic map (plate 1) of the study area illustrates in plah view the crosscutting

relationships between the faults and the stratigraphic units.
Fort Hanccck—Camp Rice Contact and Faults

The contact between the Fort Hancock and Camp Rice Formations, approximétely 2.48 Ma
old (Vanderhill, 1986),,is the oldest hoﬁzon offset by the Campo Grande fault that can be mapped
in the study area. Lithologic differences between the two units and unit descriptions made by
previous researchers (Strztin, 1966; Willingham, 1980) aided in mapping the contact, which is

subtle in some areas (plate 1). Strain’s work (1966) and our own studies show the contact to be an
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- unconformity. The amount of erosron that has occurred on top of the Fort Hancock Formation,
| especially on the footwall block is unknown thus, the calculated offset values are regarded as
‘minimum values. - | | | | | |
" Inthe vicinity of Diablo and Camp Rice ArrOyos, ’cu’m'ulatir/e ‘vertical offset of the Fort -
: Hancock-Camp Rice contact across the fault trend is about 44 m. In these areas the Fort Hancock~
-~ Camp R1ce contact on the footwall block is more subtle than m other areas There is httle ev1dence :
| of enhanced downcutting of the Fort Hancock Formanon near the faults, although srlts and clays,
"probably derrved frorn the Fort Hancock Formauon, are mterbedded with Camp Rice sands in the
'ha‘nging-wall block and are'inferred to indicate sorne erosion ;of Fort Hancock sediments in the
footwall | e | o
| At Alamo Arroyo cumulanve vemcal offset of the Fort Hancock—Camp che contact across
the fault trend is about 28 m. The contact on the footwall block near the fault isa dlstmct angular
._unconformrty (fig. 12) that is probably locally younger than the contact present on the hangmg-
- wall block (plate 1) Wthh is estlmated at 2.48 Ma old. Fault relatlonshxps at the station 136

'outcrop, located on one of the two fault strands near Alamo Arroyo, mdlcate that (L several '

‘eprsodes of faultmg occurred durmg Camp Rlce deposmon, (2) thrs unconform1ty developed on

downfaulted Camp R1ce sedlments as well as on upthrown Fort Hancock strata, and (3) only 1 m
of offset has occurred at this locality since deposition on top. of the unconforrmty (ﬁg A- 3) The |
sand above the unconformrty at station 136 i is interpreted as bemg Camp Rlce Formatlon but the ‘

v altemate mterpretauon that it is post—Camp Rice i in age cannot be drsregarded
Madden Gravel and Faults '

Throws of the Madden Gravel (0.6 to 0.4 Ma old) on different fault strands ar'e summarized

in table 5. At fault strands A B, and E (fig. 2) the vertlcal offsets were not measured because

windblown sand covers the Madden Gravel However, the presence of hnear sand-covered scarps :

in areas. known to be underlaln by Madden Gravel 1nd1_ca_tes that vertlcal dlsplacement of the
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' Madden Gravel has occurred. Throws of 8 to lO m (maxxrnurn) were measured at fault strands G
| 'D G, and J. er meters of throw were measured at strand H, but because the Madden Gravel on
the downdropped block dips 5° to 7° southwestward (away from the fault), the verucal separat1on
of the faulted Madden Gravel is greater than 10 m if measured beyond the area of tlted SCdlantS
adjacent to the fault plane Fault strand F has 1.3 m of throw atone locatlon but throws across this
fault may be greater toward the northwest where a scarp is covered by wmdblown sand Throw is

lto2mat strand L, and strands I and K do not mtersect Madden Gravel. |

‘ Measurements indicate that throws may vary along fault strands. For example, at fault strand
D, throws of 10 and 37m were measured at stauons 96 and 45, respectrvely (fig. 2). At fault
strand G, the throw on the Madden Gravel_ is 9to10mat ’several locations along the fault, but near -

the mappable eastern termination the throw is only 1 to 1.5 m.
Ramey Gravel :and Faults

Faults H and I are. the only strand.s thatdjsplace the Ramey Gravel (0.4 to 0.1 Ma- old?);
~ throws are 2.6 to 3.. m (fig. 2 and table 5). Figure 13 illustrates the displacernent of Ramey Gravel
at station 35, fault strand H. Fort Hancock and Camp Rjee s}ediments are rnore""e%mplexly faulted
than Ramey.‘Gravel because rnore,faulting events haye disrupted the.older sediments. Faults D, J,
K, and L do not displac‘e the Ramey Gravel, as indicated by the presen’ce of unfaulted ﬁamey_ "

overlying the faults and the absence of scarps. Appendrx figure A-1 1llustrates unfaulted Ramey

Gravel overlymg fault strand L. The absence of scarps on the Ramey that overhes fault strands A

and B (fig. 2a) 1ndlcates that these faults do not offset this unit. Strands E F and G (ﬁg 2a) do |
not intersect Ramey ‘Gravel. Fault relationships 1ndlcate that not all fault strands have ruptured

during post-Ramey faulting events. _:
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Balluco Gravel and Faults N ,

Balluco Gravel (0 l to 0. 025 Ma old") is the oldest unfaulted umt in the study area (table 5).
F1gure 14 ﬂlustrates an excavatlon at stauon 82 (excavanon 82) fault strand H (ﬁg 2a) where
unfaulted Balluco Gravel overlies a fault contact between Fort Hancock and Camp Rice sediments.
Fault strands A, D, I, and L also are overlam by unfaulted Balluco Gravel, as 1nd1cated by an

 absence of scarps. Other fault strands do not intersect Balluco QraVel._ :
~ Alluvium and Faults

| Stmtlar to the Balluco Gravel young gully and -arroyo. alluvrum (O 025 Ma old? to present)
also is unfaulted At several outcrops, mcludmg those at statrons 117 and 139 (appende ﬁgs A-4a
~and b) unfaulted young alluv1um overhes a fault contact between Fort Hancock and Camp RICC

sedtrnents Alluv1um comrnonly is present in channels eroded into the underlymg older sedrments '

at the fault plane (append1x ﬁgs A- 1 A 2a, and A- 4a) L1tholog1c deferences between the Fort

| Hancock and Camp R1ce Formations or structural drscontmumes in the sediments along the fault
plane probably enhance incision at the faults. Narrow channels, some w1th nearly vert1cal stdes,
are also comrnonly cut into these units away from the faults (ﬁg 15 appendrx fig. A-4a)

Young alluvium at the statlon 139 outcrop (appendlx ﬁg A- 4b) is unfaulted although the : :
other field relauonslnps at thlS location (appendtx f1g A-4b) are mconcluswe and 1t is difficult to :
determine whether or not gravel (of unknown age) has been faulted agamst the Fort Hancock |
sedlments. The snmlanty between lithologies of the Camp Rice sediments _and younger alluvtum |

“also make interpretation difficult. It is clear that young allu,vialisanda_nd gravel overlie the fault ‘at |
station 139 (appendix fig. A-4b) and are not offset. The gravel adjacent to the fault contains clasts |
of CaCO3-cemented Fort Hancock Formauon that appear to have been eroded from the upthrown |

block of the fault The gravel adJacent to the fault plane also is cut by a fracture (stnkmg obhque to



the fault) that is filled with caliche, indicati:ng_ thatthese sediments are old enough for caliche to
have ’precipitated. Caliche in fractures cutting‘Pleistocene or younger gravels have net been noted
- elsewhere in.the study area. Rotated pebbles ‘were not Qbserved adjacent the sharp, 71°- to 76°-
dipping fault plane. Because nearby Ramey and Balluce Gravels overlie the same fault strand and '
are unfaulted, and because of the uncertain age‘ and inconclusive _relationship of the gravel to the
fault plane, the outcrop at station 139 is not interpretedvas being probable evidence of a “young”

- (post-Balluco) faulting event.
Calcic Horizons and Faults

Faulted calcic soil horizons were identiﬁed dn the downdropped blocks of fault strands D and :
| G (fig. 2a). Carbonate horizons are 0.5 to ‘l.O m thick and have stage III morphology. Vertical
| separations range from 1 1 to 2.2 m (table 6 plates 2a and b). These calcic horizons are faultedl
- and at the stanon 45 outcrop (fault strand D) the two overlying calcic hOl’lZOﬂS merge away from
‘the faults and form a single horizon. The calcic horizons represent 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 upper Madden Gravel (0 6 to 0.4 Ma old) At fault strand G,
four faulted calcic units overlie this oldest horizon, mdlcanng at least five episodes of movement
~ (plate 2a, excavation 14). About IO0,000 years is the estimated time needed,for the near-surface,
faulted calcic hor_izon at excavatien” 14 to have aceumulated thecarbonate typical of the stage Il
, niornhology (see “Excavations Across Scarp of Fault Strand G,” p. 16). T he 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 physwal conditions have prevented development of the
additional calcic soil horizons. The youngest faulted ca101c 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 no't.vbe equivalent to the youngest horizon at excavation 1 4,

fault strand G.
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SUMMARY OF FAULTING HISTORY

Multiple bfaulting events of- the Campo Grande fault trend have offset Pliocene and Quaternary

sediments. Field evidence of multlple faultmg events 1ncludes the presence of (1) compound

scarps, (2) overlylng and faulted calcxc soﬂ honzons on the downdropped block and (3)

»successwely younger faulted units having less displacement.. Grooves on fault planes indicate that

mostly dip-slip movement has occurred' Vertical offsets of the Fort Hancock—Camp Rice contact _
(2.48 Ma old), Madden Gravel 0.6 to 0.4 Ma old) and Ramey Gravel (0.4 to0 O 1 Ma old?) are
44, 10, and 3 m, respectlvely, indicating that average rates of movement have been relatively |
constant over the last 2.48 Ma. A surface to near-surface calcw soil horxzon that is estimated to be
about 0.1 Ma old is also faulted. This mdtcates 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, mdlcanng that some fault strands of the 45 km- long Campo Grande fault trend did
not behave s1rmlarly during the latest faulting event(s). Although seismic events over time have
resulted in producing a fault zone with interrelated en echelon strands, not all faults ruptured in the
most recent event(s), and the fault zone is prohably s'eisrnical_ly segmented.

Fault strands G, H, and I are the most rece_ntly_ac_tive‘., Noneof these fault strands offset
Balluco Gravel (0.1 to 0.025 Ma old?). The latest faulting episode was late Pleistocene, probably
betweenO.l and 0.025 Ma ago. Faulted calcic horizon= -n the downdropped block of fault strand
G indicate at least five episodes of movement, deposition, and surface stabilization during the last
0.6 10 0.4 Ma. The maxirnurn average recurrence interval calculated for the last 0.6 to 0.4 Ma from
data at fault strand G is about 0.15 to 0.08 Ma. Because some faults of the 45-km-long fault trend
have not consistently displaced the same unit, recu_rrence:intervals along parts’of the fault trend
may be somewhat different.. -Vertical. separation of overlying calcic horizons and the steep sections
of compound scarps indicate that maximu_m vertical offsets duﬁng 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.
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- CONCLUSIONS

. The Campo Grande fault is a 45-lbcrm-long' series of en echelon normal faults ihat have had
dip-slip displacement. A o |
. 'Single-sllope scarps with slope angles between 4° and 6° are most common, although ‘at a few
locations ‘corﬁpound scarps, having slopes as much as 17°, are prcsérved. Scarp heights
range between 1.5 and 11.5 m. Heights of scarps commonly do notvéccurately» indicate
amounts of fault offset because ailuvial and e;olién sediments cOmmohly cert the faulted
horizon in the hanging wall. Quahtitative estimates of the age of the fault scarps were not
made, although the morphblogie‘s suggest that the scarps may be as old as late or middle
Pleistocene. ' | o |

. Excavations across scarp‘s illustrate that the singlé-Slope >scarps are underlain.by caliche that
dipsv approximately the same as the scarp siope. The upper surface of v‘the caliche is often
eroded. The caiiche could have formed on the slopé-or it could have been gently warped ‘
durihg faulting. A combination of éaliche warping ‘and prccipitation oh thé slope also may
have occurred. | | - -
. Some of the scarps 'represenf multipl‘e‘ faulting e\;ehts,“as indicated by the presénce of
'compound scarps, overlying and faulted c‘zilci’c’ soil horizons on thcr dowﬁdropped block, and R
successively younger units having less displacement. | -‘ ‘

. The ydungest faulted unit is the Ramey GraVel_(0.4 to 0.1 Ma old?), and the oldest unfaulted

unit is the Balluco Gravel (O.l to 0.025 Ma old?), indicating that the lateét mov‘emen‘t was

durihg the late Pleistocene. Some fault strands that are overlain by Rarriey Gravel have not =~

- ruptured Ramey sediments, in'dicyating that during at least the latest faulﬁhg event(s) the éntirc
Campo Grande fault zone has not ruptured aé a single segment. |
. Five calcic soil horizons (stage III mofphblogy) on the downdropped block of one fault

strand indicate at least five episodes of movement, deposition, and surface stabilization'on
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this fault during the last 0.6 to 0.4 Ma. The maximum'average r‘ecurrence interval_ is about

0.15to 0 08 Ma Vertlcal separanon of overlying ca1c1c horizons and the steep sections of

compound scarps indicate that maximum vertlcal offsets dunng s1ng1e 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
| 1.5m. On the ba51s of 2.6 to 3.0 mof offset on the Ramey Gravel (0.410 0.1 Ma old?), two
faulting events are 1nterpreted as havmg occurred on some fault strands since Ramey
sediments were deposued indicating an average recurrence 1nterva1 of 0. 2 to 0.05 Ma.
7. Vertical offsets of the Fort Hancock—Camp Rice contact: (2 48 Ma old), Madden Gravel (O 6
to 0.4 Ma old), and Ramey Gravel (0.4 to 0 1 Ma old?) are about 44, 10 and 3 m,
respecuyely, indicating that average rates of movement have been relatlvely constant over the .

last 2.48 Ma. -
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Figure 1. Regional 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), Seager (1980), Henry and Price (1985),
Dietrich and others (1983), and field and aerial photograph mapping done for this study. See figure

3 for cross section X-X'. Note that scale of regional map prevents some fault strands of Campo

Grande fault system'from being shown. See figure 2 and plate 1 for detail.
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- Figure 2. (a) Map showing study area, proposed waste repository site, locations of dated ash and
carbonized material near study area, and en echelon fault strands that compose the Campo Grande |
fault. A through K identify specific fault strands discussed in this report. Only the western branch

- of Diablo Arroyo (identified as Campo Grande Arroyo on some maps) is shown. Boundaries of
proposed repository study site are approximate. Plate 1 illustrates the detailed geology of the fault
study area. (b) Locations of selected stations discussed in this report. Table 1 lists types of data
collected at stations. R ' - '
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- Figure 3. Cross section X-X’ across Hueco Basin at the study area. Cross sectlon locauon is
shown in figure 1. Cretaceous (K) rocks of Sierra De La Amargosa and Sierra De San Ignacio 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 flat lying; they uip 5° to 8° southwestward from the plateau escarpment
to the Laramide thrust sheet. Basin fill northeast of the Campo Grande fault is as much as 175 m
thick. Profiles shown in b, ¢, and d are located by the corresponding letters on cross section X-X".
Profiles shown in a and e are located southeast and northwest (respectlvely) of the b location on
cross section X-X". -
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(a)

(b)

(c)

QAI12215
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). ‘ : : o
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Figure 5. Chaotic folds in Camp Rice sand tﬁo’Ssiny éaused by liquefaétioh ini_ti.ated during an
earthquake. Location is 1,300 ft (400 m) south of station 44 (fig. 2b). Height of outcrop is about
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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,‘ S
- 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) Dlagram 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) Qm Madden Gravel. Inset example is schematic.
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Figure 7. Graph of scarp heights versus maximum scarp-slope angles in the Campo Grande fault |
study area. Caliche, which is more resistant to erosion than unconsolidated deposits are, is at or
near the surface. Fault strands are depicted in figure 2a. Data plotted on graph are reported in
table 4.
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Figure 8a. Aerial photograph (approximate scale 1:12,000) of scarp of fault strand G (fig. 2a).
This is the most distinct scarp of the en echelon series of faults that compose the Campo Grande
fault. ' ’ ’ '
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Figure 8b. Oblique aerial photograph of scarp of fault strand G (northward view). Excavation
across scarp 1s at station 25.
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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 of scarp of fault strand G 111ustrat1ng 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 locauon of the scarp crests. -
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Flgure 11. Photograph of fault scarp along part of fault strand G near station 22 (ﬁg 2). Vlew 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 (Tth) and Camp

Rice Formation (QTcr). Outcrop is located in Alamo Arroyo about 650 ft (200 m) north of station
139 (fig. 2b). :

47



“Surface trace
~of fault

Nl '
- AllTop: Nsaow sEONW. A\ .
N63oW 15 8 N 7eow TooNW i\ Wo
72°SW: N4O°W NT2°W
) . ) BOOSW 68°SW
: g i Fractures —e
c - /)

- filled fracture

| - EXPLANATION ‘ . o |
L CAMP. RICE FORMATlON : \\\i Fault arrows indicate slip-directions;
'5 Coarse- to fine - grclned sand, pebbles and o NE3OW. stnke and d,p below symbol:
' 0 gronules common; silty in ploces ) : 72°SW

N

2ERs
==

Flgure 13. Photograph of offset Ramey Gravel (Qr) and sketch of faults at excavauon 35 (ﬁg

Silty coarse- to fine-grained sand, some granules; . slightly ’
clayey in plucqs; carbonate nodules common

Coarse- to med'ium-gr’ai'ned sand, unconsolidated
FORT HANCOCK FORMATION

Silt and fine- gromad sond, some clcyey silt oners
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QA12220

2b, station 35). Ramey Gravel (Qr) on hanging wall is slightly tilted and dips about 5° south-

southeast

southeastward. Stnke of excavauon 3S5is N80°E (oblique to faults) V1ew of photograph is south-
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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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Figure 15. Photograph of channel that has been cut into Camp Rice Formation and filled with
younger (Holocene?) alluvium. Outcrop location is approximately 500 ft (150 m) south of station
139 (fig. 2b). Staff is 1 m long. : ‘
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APPENDIX: OUTCROP SKETCHES OF FAULTS AND FRACTURES

Northeast Southwest

RN T
Pocirly

cemented
sand

.

Covered
cemented
sand
— NS . N549F | N75OW ! NT78oW
EXPLANATION
Vuggy weathering below contact between poorlg cemented, : 14 Fracture. N19°W 52°F
1 medium- to coarse-grained sand and overlying belter
cemented, medium- to coarse-grained sand 15 Fracture. N9°W 58°E
2 Fracture. N30°W 64°NE 16 Fracture. N10°W 73°W
Fault I. N33°W 79°SW. 2.3-m throw; 20-cm-wide fault 17 Fracture. N21°W 73°W
3 zone consists of closely spaced fractures; zone namrows ' . o
to 8 cm where footwall is poorly consolidated sand 18 Fracture. N22°W 75°W
4 Fracture. N28°W 64°NE 19 Fracture. N12°W 87°E
5 Faultl. N29°W 73°SW 20 Fracture. N22°W 65°E
Fault Il. N7°E 81°W to NS°W 77°W. 3-m throw; small ‘ oW 80°
8 fault bounding adjacent 46-cm-wide fault wedgs 21 Fraciure. N5°W.80°E
strikes N10°W and dips 70 to 59°W 22 Fracture. N7°W 52°E
7 Fracture. N12°E 2010 45°E . 23 Fracture. N22°W 49°W
8 Fracture. N7°W 8210 60°E Fractures. Strikes vary from N40 to 50°F;
9 Fracture. N8°W 50°E 24 dips vary from 50 to 58°W
. ' . ’ o5 Faultlll. Strike'varies from N1°E to N5°W;
10 Fracture. N15°W 80°E dip varies from 80°E to 88°W; 0.8-m throw
11 Fracture. N10°W 61°E 26 Fracture. N20°W 70°E
12 Fracture. N24°W 76°W 27 Slump-related fractures. N22°E 71°W
13 Fracture. N4°W 76°E 28 Fracture. N24°W 76°E 1089°W QA 12258

.Rev.1 12/89

Figure A-1. Outcrop sketch of faults and fractures at station 44 (fig. 2b). QTcr = Camp Rice
Formation; Qr = Ramey Gravel.
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| : : — Qﬁéd—ad°s _ : ”,! QA12260
Figure A-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.
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some sand and silt layers . inferred 00 s

QAI2259

Figure A-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. Tth = Fort
Hancock Formation; QTcr = Camp Rice Formation; Qws = windblown sand.
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North South
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Figure A-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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Table 1. Types of data collected at selected stations.*

Selected Scarp morphology Outcrop
station profile sketch

13
14
17
22
25
29
33
35 +

37

39 ‘ +

+ o+ + 4+ o+ o+

45

46 +
69

76

81

- 82

89

95

96 +
98

103 +
115
116 +

117 , +
121

136 +
138
139 . : +
140

+

+

~ *Station numbers correspond to locations depicted in figure 2b.

Excavation
‘log

TBorehole data used in conjunction with topographic profile data at some locations.
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Fault-plane
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Table 3. Dated material at and near Campo Grande fault study area, Hueco Basin,

Material Number

carbonized
wood

organic
material
in soil
organic
material
in soil
organic
-~ material
in soil
ash

(Huckleberry
Ridge)

ash
(Huckleberry
- ridge)

_ ash
(LavaCreek B) -

basalt

felsic intrusion

mafic to
felsic intrusion

Date

970 £ 20
1,330 £ 60
3,240 + 230
7,510 100
2.1 Ma

2.1 Ma

0.6 Ma

294 £ 1.1 Ma
34.1£0.7 Ma

40.7 £ 2.5 Ma

469 £ 1.2 Ma
472+ 1.2 Ma
475+ 2.5Ma

*Numbers correspond to those in table 2.

Trans-Pecos Texas.*

Analysis Location
C-14 - upper Alamo
- Arroyo
c-14 upper Alamo
Arroyo
C-14 proposed repository:
study area.
C-14 - proposed repository
‘study area
see refcrencé Diablo Arroyo,
Hudspeth Co., TX
see reference Madden Arroyo,
Hudspeth Co., TX
see reference El Paso,
El Paso Co., TX
K-Ar " basalt intrusion

approximately 3 to 5 mi
(5 to 8 km) west of

Quitman and Malone
Mountains
K-Ar Finlay Mountains

K-Ar Finlay Mountains
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Reference

R. Baumgardner
(personal
communication, 1988)

R. Baumgardner
(personal
communication, 1989)

R. Baumgard_ner
(personal
communication, 1989)

’ R; Baumgardner
(personal
communication, 1989)

Izett and Wilcox (1982)
Izett and Wilcox (1982)

Izett and Wilcox (1982)

Henry and others (1986)

Matthews and Adams (1986)

Henry and others (1986)
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Table 4. Morphometric data for scarps of Campo Grande fault strands.*

Total

scarp scarp

Profile Regional slope slope height
station angle (degrees) (degrees) (m)
P-1 25 5.0 4.0
P8 1.0 4.0 1.7
P-13 2.5 4.0 5.5
P-14 2.5 — 3.7
P17 2.0 60 15
P-22 1.5 — 25
P-25 3.0 10 4.5
P-29 2.5 6.0 6.5
P-36 10 6.0 3.5
P-46 1.5 50 115
P96 15 4.0 13
P-103 20 9.5 3.2
P-115 1.5 3.0 2.0
P-116 30 11.0 2.0

*Station numbers correspond 1o those in figure 2.

slope
(degrees)

17.0

10.0

Compound Scarp
Steep section

height
(m)

17

- 1.6

Less steep section
* slope height
(degrees) (m)
6.0 2.0
40 09

Comments

Scarp on Qm; alluvium covers hanging-wall block; fault
strand G. o . -

Scarp on Qm; windblown sand covers hanging-wall block
and part of foot wall block; fault strand G.

Scarp on.Qm; alluvium covers hanging-wall block; fault
strand G.

Scarp on Qm; alluvium covers hanging-wall block; fault

strand G.

Scarp on Qm; alluvium covers hanging-wall block; fault
strand G. , ’

Scarp on Qm; alluvium covers Vhanging-wall block; fault
strand G.

Scarp on Qm; alluvium covers hanging-wall block; fault
strand G.

Scarp on Qm; alluvium covers hanging-wall block; fault
strand G.

Scarp on Qr; fault strand H.

Scarp on Qm; scarp very dissected and eroded; fault strand
D.

Scarp on Qm; alluvium covers hanging¥wall block; fault
strand D. -

Scarp on Qr; fault strand I

Scarp on Qr; thin alluvium deposits cover hanging-wall
block; fault strand I.

Scarp on Qm; fault strand F.



Table 5. Relationships between Quaternary units and faults.*

Fault ' B Chronostratigraphic relationships

strand - Qm - Qr : Qb : Qal -
A Scarp indicateé vertical offset; No vertical offset based  No vertical offset based  No offset based on
amount of offset unknown; scarp - on absence of scarp. on absence of scarp. unfaulted Qal overlying
covered by windblown sand. ’ ' ~ fault and absence of scarp.
B - Scarp indicates vertical offset; No vertical offset based ~ Strand does not intersect No vertical offset based on

amount of offset unknown; scarp ~ on absence of scarp. . Qb. absence of scarp.
covered by windblown sand. ' ‘ ,

C  Scarp indicates vertical offset; ~ Strand does not intersect = Strand does not intersect - No vertical offset based on
scarp covered by windblown Qr. ' : Qb. . absence of scarp. '
sand; at least 8 m throw on Qm .
caliche based on measurements
from gully outcrops and shallow

augerholes.
D Scarp indicates vertical offset; Not faulted. No vertical offset based  No vertical offset based on
10 m throw based on : on absence of scarp. =~ - absence of scarp.

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.
E  Scarp indicates vertical offset; Strand does not intersect  Strand does not intersect -
amount of offset unknown; scarp  Qr. Qb. . ' :
covered by windblown sand. '
F - ‘Scarp indicates vertical offset; -Strand does not intersect . Strand does not intersect - No vertical offset based on |
much of scarp covered by Qr. Qb. absence of scarp.

windblown sand; 1.3 m throw
measured at one locality..
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Table 5 (cont.)

G Scarp indicates vertical offset; 9 Strand does not intersect Strand does not intersect - No vertical offset based on
to 10 m throw based on Qe : Qb. 7 absence of scarp. '
measurements from gully - o
outcrops, excavations, and . i
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 termination is 1 to

1.5m.

H  Dissected scarp indicates vertical - Scarp indicates vertical No offset basedon ~ No vertical offset based on
offset; 6 m throw based on offset; 3 m throw based - unfaulted Qb overlying  absence of scarp.
measurements from outcrop; on measurements from . fault and absence of - :
strata on downthrown block dips outcrop and an scarp.:

5 to 7° SW, away from fault. _excavation. = :
I  Strand does not intersect Qm. “ Scarp indicates vertical ~ Strand may not intersect - No vertical offset based on
’ - ' offset; 2.6 m throw Qb; Qb west of fault has absence of scarp.
based on measurements - no scarp. ' :
from outcrops. :

] Dissected scarp indicates vertical = No offset based on Strand does not intersect ~ No vertical offset based on
offset; 9 m throw based on " unfaulted Qr overlying = Qb. - unfaulted Qal overlying
measurements from outcrop. fault and absence of o Coe ‘ fault and absence of scarp.

‘ scarp. . - ' S ‘ :

K Strand does not intersect Qm. ~ Nooffsetbasedon ~ Strand does not intersect No vertical offset based on

' ' : unfaulted Qr overlying  Qb. . " absence of scarp.
fault and absence of ' i
_ scarp. _

"L Scarp indicates vertical offset; 1 -~ No offset based on No vertical offset based  No vertical offset based on
to 2 m throw based on unfaulted Qr overlying = on absence of scarp. absence of scarp.
measurements from outcrop. - fault and absence of : /

’ ~scarp.

" *Fault strand locations are shown in figure 2. : ) - :
‘Qm = Madden Gravel, Qr = Ramey Gravel, Qb = Balluco Gravel, Qal = Arroyo°Alluvium and associated low terraces.
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Table 6. Vertical separations between tops of overlying calcic horizons (a to e; e is Qm
caliche) on the downthrown fault block and between tops of youngest faulted calcic horizons
and the possible “last-event” scarp.*

"Number of Vertical separation (m)

calcic horizons : , A

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
(westwall) : , . btoc = 1.1
‘ctod | =22
dtoet - =15
Excavaionl4 5 | 1.1 awb =12
(east wall) . btoc = 1.1‘
' ctod =22
dtoef =15
‘Excavation 25 o3t : — ‘ atob = L1
(west wall) : ‘ . btoc =13
Station 45 2 S 2.0 atob = 1.5

*Excavations 14 and 25 are illustrated in plates 2a and b.
" 1 More calcic horizons exist at depth.
* Projected from augerhole near station 1, southeast of excavation at station 14.
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