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ABSTRACT

The Hueco Bolson is a segment of the RlO Grande Rift, which formed as a result of late
Tertiary Basin and Range deformation. The upper Tertiary Fort Hancock Formation and the upper
Tertiary—Quaternary Czimp Rice Fofmation compose the basin fill except in the deepest (western)
parts of the bolson. ‘

Five lithofacies make up the Fort Hancock Formation: (I) gravel; (II) sand, sandy mud, or
sandy silt and gravel; (III) sand, sandy mud, and sandy silt; (IV) clay and sandy clay; and W) cléy,
mud, sandy mud, and‘gypsum These hthofacxes represent the textural gradation from basin
maigin to basin center of proxxmal to transmonal to distal alluvial fans (lithofacies I through ) to

ephemeral lakes (IV) to saline playas (V). In cores from beneath the study area, these same
lithofacies are presentin a 230-m-thick (700-ft) upward-fining sequence. The sequence records the*
lacustrine expansion that occurred over basin-margin alluvial fans as the basin filled.

The Fort Hancock Formation is separéted from the overlying Camp Rice Formation by a
regional unconformity. The unconformity records a period of extensi?e erosion that marks the
integration of the ancestral southern and northern segments of the Rio Grande apprbximately
2.25Ma ago.r |

Fluvial, lacustrine, and eolian sediments accumulated above the unconformity as the Camp
Rice Fonhation. Five lithofacies also make up the Camp Rice Formation: (1) sand and locally
derivea gravel, which was deposited by tributaries to the‘Rio Grande; (2) sand and exotic gravel
(derived from north Aof the study area), Which was deposited by a through-flowing stream, the Rio
Grande; (3) sand, which was deposxted as a dune complex; (4) coarse silt and very fme sand,
which was deposited as loess, and (5) clay, sandy clay, and gypsum which was dep051ted in
ephemeral lakes with central playas.

Paleoclimatic conditions can be inferred from both buried soils and from depositional

environments. Numerous Stage I and Stage 11 calcic soils are present in both Fort Hancock and



Camp Rice Formations, indicating that while these sediments were deposited the climate was most
. likely arid to subhumid. Clé.ycy and muddy facies with localr prgservation of bedded gypsum,
which are interpreted as ephemeral lake and saline playa deposits, are present in both formations.
These depositional environments also suggest an arid to semiarid climate.

Paleovertisols, which formed primarily from repeated episodes of expansipn and ‘contraictibn
of lacustrine muds and clays caused by precipitation or ﬂooding and desiccation, are common in
outcrops and in cores of smectite-rich clay and mud facies of both Fort Hancock and Camp Rice

Formations.

INTRODUCTION

The uppér Tertiary Fort Hancock Formation and the upper Tertiary—Quaternary Camp Rice
Formation are exposéd in the Hueco Bolson! and underlie a potential low-level radioacti\}e waste
disposal site located approximately 64 km (40 mi) southeast of El Paso, Texas, and approximately
18 km (11 mi) northeast 6f Fort Hancock, Texas (Collins and others, 1988) (figs. 1 and 2).
Ixivestigations of the Fort Hancock and Camp Rice Formatibnsf are part of a program funded by the
Texas Low-Level Radioactive Waste Disposz_tl Authority (TLLRWDA) designqd to test the
feasibility of isolating low-level nuclear waste in bolson sediments. These formations were studied‘
to reconstruct thc environments of deposition and paleoclimatié conditions that prevailed in the
Hueco Bolson during the late Tertiary and early Quaternary Eéochs and to provide a strati graphic
framework for hydrogeologic studies. Buried soils in thése foﬁnations belonging to the Vertisol

Order were described in detail because they provide important evidence of depositional

I'The Spanish word “bolson” is generally synonymous with the English word “basin.” As originally used by Hill
(1900, p. 8), a bolson “is an apparently level valley, usually slightly depressed toward the center and enclosed by
mountains usually without a drainage outlet. These plains or ‘basins’. . . are largely structural in origin. Bolsons are
generally floored with loose unconsolidated sediments derived from the higher peripheral region. Along the margins
of these plains are talus hills and fans of boulders, and other wash deposits brought down by mountain freshets. The
sediments of some of the bolsons may be of lacustrine origin.”



' ehvirOnmentS and paleoclimatic conditions, and because they have not been pfeviously described in

~ the geologié literature.
Geologic Setting
Tectonic History

The study area for this regional investigation of bolson sediments encompasses the southern
half of the Hueco Bolson. The bolson is underlain and bounded primarily by the Lower Cretaceous
Campagrande Formation, Bluff Mesa Limestone, Cox Sandstone, and Finlay Limestone (Albritton
and Smith, 1965). Loéélly the Permian Briggs Formation and other unnamed Permian strata, as
well as the Jurassic Malone Formation, are present. As a result of early Tertiary Laramide |
deformation, these rocks were folded and thrusted northeastward toward the relatively undeformed
Diablo Plateau. chional Basin and Range extension further disturbed these rocks during the iate |
Oligocene-Miocene and formed a series of Basins, including the Hueco Bolson (Seager and others,
1984). As a result of volcanism during Basin and Range tectonism: various igneous rocks,
including basalt, andesite, and trachyte-latite, were intruded into Cretaceous and older strata as a
series of volcanic necks, ‘sills, and dikes along the northeastern margin of the bolson (Albritton and
Smith, 1965). ﬁ

The Hueco Bolson, which is a ségment of the Rio Grande Rift, extends from about 32 km
(20 mi) northeast of El Paso, Texas, toward the south and southeast for approximately 180 km
(112 mi) to the Quitrﬁan Mountains, Texas (fig. 1).'The structure of the basin is not well |
- understood, although Mattick (1967) and Johnsoh and others (1984) showed that near the New
Mexico—Texas border the Hueco Bolson contains as much as 2,728 m (9,000 ft) of bolson
sedimems. In cross section the basin is asymmetrical and forms a half graben that is deéper along
its western and southwestern marginl. Basin subsidence continued in‘to the Quaternary, as shown

by dip-slip displacement of Quaternary units along the Campo Grande fault (fig. 1) in the study



area (Collins and Raney, in press), along the southwestern margin of the basin in Mexico

| (Muehlberger and others, 1978), and in the Texas-New Mexico border area north of El Paso,
Texas (Mnchettc, 1987). Much of the study area, including the potential radioactive waste isolation
srte, is underla.m by a shallow subbasin of the Hueco Bolson. The subbasm is separated from the
mam Hueco Bolson by a structural ridge, wh1ch is expressed at the surface by a northwest—

trendmg series of Cretaceous bedrock outhers, including Carnpo Grande Mountain.
Physical and Genetic Stratigraphy

- Avariety of colluvial, ﬂuvral, and lacustrine sediments 5partly fill bolsons that formed because
of Basin and Range deformation. These Tertiary—Quaternary‘ sediments make up the Santa Fe
Group throughout much of New Mexico and West Texas (for dlscussxons of this unit, see Bryan, ‘
1938; Kottlowski, 1953; Baldwin, 1956; Hawley and others, 1969; Groat, 1972; and Gile and

others, 1981) (fig. 2). The Fort Hancock and Camp Rice Formatlons compose the middle and
| upper Santa Fe Group in the region of the study area. | ) |

The Fort Hancock and Camp Rice Formations were t"lrst described and named by Strain
(1966) for outcrops in the Hueco Bolson along Madden and Camp Rice Arroyos near Fort
HaneOCk, Texas. Albritton and Smith (1965) described sirnirlar older and younger basin (bolson)
sediments from the southern third of‘ the Hueco Bolson. Strain (1966, 1971) interpreted the Fort
Hancock Formation as lacustrine clay, silty clay, and crossbedded silt that were periodically
subaen'ally e#pOsed during periods of aridity. Calcic,paleosOls also formed during periods of
exposure. Stuart and AWillingham (1984) recogniied both laeustrine and fluvial sediments in the
Fort Hancock Formation. Clay facies including gypsum beds were thought to be playa lake
deposits. Fluvial facies, which consist of mudstone and sanostone, were thought to have been
deposited at playa margins or on levees or ﬂoodplains, channelized sandstone facies were
interpreted as having been deposited in low-sinuosity braided channels, and conglomerates were

* interpreted as forming lags, alluvial fans, or alluvial aprons along the bolson margin. Riley (1984)



" described a channel sand with very high-angle, large-scale crossbedding (epsilon crossbedding)
that led him to interpret that sandy facies in the type area of the Fort Hancock Formation wére
deposited by a meandering stream system. Although Riley (1984, p. 25) attributed clayey facies in
the type section of the Fort Hancock to deposition by overbank floodin g from a meandering
stream, he did not completely reject the possibility of deposition of the clayey facies by lacustrine
processes. Caliche nodules were recogﬁized as evidence of subaerial exposure and the
development of paleosols (Riley, 1984).

Strain (1966) described the Camp Rice Formation as fluvial sediments consisting mainly of
channel gravel deposited by a through-flowing ,stream and sand, silt, and clay depbsited as alluvial
fans. Volcanic ash beds are preserved locally. Riley (1984) and Stuart and Willinéham (1984)
suggested that Camp Rice Formation was deposited primaﬁly by a braided sfream carrying mostly
bed load. They did not distinguish between axial of through-flowing stream deposits and deposits

that make up basin-margin alluvial fans or tributary streams.
Age of the Fort Hancock and Camp Rice Formations -

Fossil vertebrate remains preserved in the type sections of both the Camp Rice and Fort
Hancock Formations compose the Hudspeth local fauna of Blancan Age (Strain, 1966; Vanderhill,
1986; see Riley, 1984, for a review of the vertebrate paleontology of the Camp Rice and Fort
Hancock Formations). Strain (1966) recognized the Fort Hancock Formation as probably early
Pleistocene (Aftonian) in age on the basis of its vertebrate fauna. He thought that the lower part of
the Camp Rice Forrnatibn, which also contains a Blancan vertebrate fauna, waé Aftonian and that
the middle section, which contains an ash bed of the Pearlette family of volcanic ashes, was

'Kansan; ’Strz;.inb (1966) did not speculate on the age of upper Camp Rice sediments other than to
recognize them as Pleistocene. In its present usage the Blancan Land Mammal Age extends from
the late Pliocene (4 Ma agb) to earliest Pleistocene (1.5 Ma agb) (Van Eysinga, 1975; Tedford,
1981). The Pearlette ash'reportfcd by Strain (1966) is now recognized as the Huckleberry’Ridg.c

5



' Ash of the family of Pearlette ashes and has been datéd at 2.01 Ma (Gile and others, 1981; Izett

and Wilcox, 1982). | ‘ ‘
Vanderhill (1986) obtained paleomagnetic data from the Fort Hancock and Camp Rice

Formations in the Hueco Bolson and correlated these units with the geomagnetic time sca1;. He
suggested that most of the Fort Hancock and the lower Camp Rice was deposited during the late
Gauss epoch, and that the upper part of bkthe Camp Rice was déposited during the Matuyama epoch,

possibly during the Olduvai event. Consequently, the Fort Hancock Formation is middle Pliocene
in age where it is exposed in the Hueco Bolson, a;nd ﬂ1e Camp Rice Formation is late Pliocene to

possibly Pleistocene in age (fig. 2).
| Physiographic Evolution

The Hueco Bolson is bounded on the west ahd southwest by a series of mountain ranges in
the Republic of Mexico including Sierra de la Amargosa, Sierra de San Ignacio, and Sierra Del
Paso del Norte and by the Franklin Mountains in the United States (fig. 1). On the east and .
northeast in the United States are the Hueco, Finlay, Malone, and Quitman Mountai_ns and the
Diablo’ Plateau. The Rio Grande flows through the basin and exits the basin where it crosses the
Quitman Mountains. The basin is pinched off to the southeasp where the Quitman Mountains join
the Sierra de la Amargosa but opens to the north into the Tulérosa Basin of southern New Mexico.

Major events in the depositional history of the Hueco B‘olsonA have been closely tied to its
physiographic evolution since tectonic initiation of the basin during the late Oligocene-Miocene.
Sedimentation into a closed basin, but without the contributiojn of the northém Rio Grénde,
persisted throughout most of the earlier (Miocene) histoty of ,jthe basin and is reflected in the lower
part of 2,500 m (8,250 ft) of sediments preserved nea;r the nthcm limit of the basin west of the
Hueco Mountains (Mattick, 1967; Johnson and others, 1984; Seager and others, 1984). In
Pliocene and possibly latest Miocene time, the northern ancestral Rio Grande discharged into the

Hueco Bolson, but the basin remained internally drained, as indicated in the predominance of fine-

6



gramed clastic sc._dimcnts near the basin centér and coarser clastics near the basin péﬁphefy (Fort
Hancock Formation of Strain, 1966, Hawley and others, 1969, Riley, 1984, Stuartand
Wilﬁngham, 1984; older basin deposits of Albritton and Smith, 1965, and Gustavson, 1989a). |
Through-flowing drainage in the Hueco Bolson, which is now a segment of the Rio Grande,
developed during the late Pliocene, but prior to 2.01 Ma ago (Gile and others, 1981; Seager and
others, 1984). Through-flowing s&eams incised older sediments and déposited coarse sand and
gravel, inciuding “exotic” clasts derived from crystalline rocks that crop out only in areas north of
the Hueco Bolson (Camp Rice Formation of Strain, 1966, Hawley and others, 1969, Riley, 1984,
Stuart and Willingham, 1984, and Gustavson, 1989a; younger basin deposits of Albritton and
Smith, 1965).
Although many authors have recognized that the lithologic differences between the Camp
Rice and Fort Hancock Formations in the Hueco Bolson reflect different depositional environments
and in part different sediment source areas, precisely how this change in depositional environment
came about is poorly undei'stood. Strain (1966) did not elaborate on the transition from laéusuine
(Fort Hancock) to fluvial (Camp Rice) deposition other than to say that it represented the change
from/ lacustriﬁc sedimentation in a closed basin to sedimentation by a through-flowing stream.
Strain (1971) suggested that thrbugh-ﬂowing drainage of 'thé Hueco Boison developed as a résult
of (1) overflow of Hueco Bolson lake waters (which were part of the larger Lakz Cabeza de Vaca),
southward into the Red Light and Presidio Bolsons, (2) by headward erosion from the Presidio
Bolson, or (3) by combination of the two. Later in the same discussion Strain (1971, p. 169)
stated that
Lake Cabeza de Vaca did not overflow frequently until the hblding capacity of the Mesilla, the Hueco, and
the Bolson de los Muertos was reduced by filling of the basins with fine sediment brought from New Mexico
and Colorado by the “upper” Rio Grande. Late in the early Pleistocene aggradation in the lake basins had
reduced their holding capacity to such an extent that the normal volume of the river was sufficient to
overflow the lowest barrier impounding the water and develop an outlet to the bolsons to the southeast. The
water first spilled over the barrier between the Quitman Mountains and the Sierra del Pinto and into the Red

Light Bolson. It probably then spread southward in the valley west of the Sierra de Pilares-Sierra Grande
-range and joined the Rio Conchos near where it crossed Sierra Grande west of Ojinaga and Presidio.



Hawley and others (1969) suggested that the change from lacustrine sedimentation to fluvial
sedimentation developed progressively/from the Palomas Basin on the north to the Hueco Bolson
‘on the south, but that before integration with the lower Rio Grande system south of the Quitman
Mountains, the upper Rio Grande fed large lakes in several basins in the border region of Texas |

and New Mexico (Hueco, Mesrlla, and Tularosa Bolsons = Lake Cabeza de Vaca of Stram [1971]
and the Red Lxght Bolson). The process whereby the lower Rio Grande system was mtegrated |
with upper Rio Grande drainage was not descnbed (Hawley and others, 1969). For additional
discussions, see Hawley (1975, 1981) and lee and others (1981).

Although the Fort Hancock and Camp Rice Formauons have filled most of the Hueco
Bolson, exposures of these two formanons are restricted. Most of the Fort Hancock and Camp
Rice Formations are covered by thin veneers of Quaternary alluvium, terrace gravel fan gravel,
calcretes, or eolian sand. Exposures of these two formations are primarily limited to narrow bands
along arroyos that are incised throu gh the Quatemary cover. These outcrops only rarely exceed
30 m vertically, and total vertical exposure within a single arroyo does not exceed 100 m. The |
nature of these exposures is such that individual lithofacies tjpes are easily recognized and
examined, but mapping of lithofacies from outcrop to outcroo is difficult because exposures are not
“continuous. Nevertheless, the easily erodable nature of these sediments and the sparsity of

vegetation have provided excellent exposures for study.

Paleosols
Evidence of pale0501 development is common in the Fort Hancock and Camp Rice
Formations, and rhost authors menﬁon the presence of calcic soils or caliches but do no‘t"descn'be '
soil characteristics (Albritton and Smith, 1966; Strain, 1966; Hawley, 1969; Reeves, 1969; Riley,
1984). Gustavson (1989a; b) described the widespread development of buried Vertisols in
smectite-rich clay facies of the Fort Hancock and Camp Rice Formatons. Paleovenisols are

described in detail in this report.



Methods

Approximately 635 m (2,100 ft) of core from 11 stratigraphic and hydrologic test wells and
500 m (1,650 ft) of section in 33 exposures were described, photographed, and sampled (fig. 1, |
pl. 1).

Cores collected at the study area provide a good record of the Late Tertiary stratigraphy, with
the exception that recovery of poorly consolidated sandy sections in the upper parts of each core
was limited. Cores (2.5 inches in diameter) and/or cuttings were recovered from 14 hydrologic and
stratigraphic test wells. Well locations are shown on plate 1. Most wells were drilled to depths of
150 ft or less and penetrated Quaternary sand and gravel, the Camp Rice Forrixation where it is
present, and the upper Fort Hancock Formation. Three wells were drilled through the Fort
Hancock Formation into Cretaceous bedrock.

Core recovery was generally good throughout the Camp Rice and Fort Hancock sections, but
it ranged from as little as 64 percent to as much as 95 percent. Average core recovery from
TLLRWDA wells was 80 percent. The intervals of core loss were most likely from sections of
unconsolidated gravel and sand. These coarse sediments are far less cohesive than the clayey
lithofacies, which are stiff and compact and more likely to be lost during standard drilling
procedures. Cuttings were collected from most wells for the near-surface intervals where core was
not taken.

Although all of the Camp Rice Formation can be seen in outcrop and core, only the upper
280 m (920 ft) of the Fort Hancock Formation was observed in outcrop or core; thus, rocks that
represent the early history of infilling of the basin are poorly known. Bed thickness, color, texture,
lithology, primary sedimentary structures, and pedogenic structures were described. Core and
outcrop samples were analyzed for grain size using sieve and hydrometer methods. Mineralogy of
clays preserved in lacustrine sediments and in buried soils was determined'by X-ray diffraction,

and soil and sediment microstructures were examined using scanning electron microscopy.



FORT HANCOCK FORMATION

“The upper Tertiary Fort Hancock Formation uncohformébly overﬁcs Cretaceous strata. At the
TLLRWDA‘ site, the Fort Hancock Formation overlies Cretaceous rocks at depths ranging from
173 mt0 217 m (569 ft to 717 ft) (pl. 1). The Fort Hancock is overlain by the upper Tertiary—
Quaternary Camp Rice Formation or Quaternary Madden and Ramey Gravels.

" Five lithofacies were recognized in the Fort Hancock FQrmation: (I) gravel; (I) sand, sandy
mud, or sandy silt and gravel; (IIT) sand, sandy mud, and sandy silt; (IV) clay and sandy clay; and
W) clay, mud, sandy mud, and gypsum (table 1). These hthofacxes are interpreted to represent
primarily downgradlent grain-size changes from proxunal alluvial fan to evaporanve playa lake
~ Fort Hancock outcrops are prcdommantly fine-grained (sand-sized and smaller) lithofacies;
exposures of coarse-grained (gravel-bearing) lithofacies are lnmted to narrow outcrops at the basir
marginé and at contacts with 6utliers of Cretaceous bedrock.| Howe.ver, 50 m (165 ft) of coarse-
grained facies were examined in core. Gravel and finer grained lithofacies in the Fdrt Hancock
Formation are similar to the basin-margin and basin-center facies of Tertiary bolson deposits

described by Groat (1972) in the Presidio Bolson.
Gravel Lithofacies
Description

Gravel lithofacies of the Fort Hancock Formation (tabie 1, lithofacies I), which were
encountered in well no. 22 (figs. 3 and 4, pl. 1) between depths of ‘172 m (569 ft) and 143 m
(471 ft), unconformably overlié Cretaceous strata and consist of approximately 29 m (90 ft) of
matn'x-suppor;ed cobble- to boulder-sized limestone gravel/éonglomeratc. Gravel is poorly

cemented with CaCOs. Clasts are primarily Cretaceous Finléy Limestone with a few pebbles of
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Cox Sandstone. Gravel wmch contains clasts as much as 22 cm (8.6 inches) long, is angular to
subrounded and imbricated at some depths. Matrix material is poorly sorted, moderate—brown
(SYR 4/4) pebbly sandy mud to muddy sand. Primary sedimentary structures other than rare,
weakly expressed horizontal bedding were not recognized. Upward-fining sequences of sediment
were recognized only at one depth, 147 m (481 ft). The lack of recognizable sedimentary structures
in this part of the Fort Hancock bemation may be an artifact of this sediment being exposed only
in narrow (6.5 cm [2.5 inch]) cores.

Gravel lithofacies are also exposed within a deeply incised fan head trench at the base of
Sierra de la Amargosa on the southeastern flank of the Hueco Bolson. These sediments, which are
poorly cemented by CaCQOs3, are horizontally bedded, clast-supported, boulder - |
gravel/conglomerate. Clasts are imbricated and measure in length as much as 0.5 m (20 inches).

Lateral channel boundaries were not recognized.
Interpretation

Coarse clast- supported imbricated, horizontally bedded gravel lithofacies of the Fort
Hancock Formation exposed adjacent to Sierra de la Amargosa are similar to the prox1mal alluvial
fan facies of the Cambrian (?) Van Horn Sandstone described by McGowan and Groat (1971) and
to the proximal incised-alluvial-fan chdnnel-ﬁll facies of the Cretaceous Todos Santos Formation
described by Blair (1987). Sedimentary charactenstlcs similar to those described for the Fort
Hancock gravel lithofacies as well as for the Van Horn Sandstone are present in ﬂuv1a1 facies of
modern proximal alluvial fans described by Bull (1972) and Boothroyd and Ashley (1975).

The nonstratified to poorly stratified matrix- supported Fort Hancock gravel lithofacies
observed in core is similar to unstratlﬁed basin-filling proxunal fan sediments described by
Heward (1978) frorn the Stephanian A and B coalfields of northern Spain. He suggested that scree

or colluvial debris was an important constituent of these deposits. Nonstratified, poorly sorted,
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niatrix-supported ﬁavels have also been described as debris-flow deposits (Bull, 1972; Reineck
and Singh, 1980). | -
Gravel lithofacies of the Fort Hancock Formation consists of alluviurh and colluvium derived
~ from predominatély Cretaceous strata at the Diéblo Plateau Esdarpment and from the Sierra de la
Amargosa and other mountain ranges in Mexico and deposited as proximal alluvial fans The |
coarse texture, poor sorti:ig, and high degree of angularity of 61asts, their position adjacent to
Sierra de la Amargosa and immediately overlying Cretaceous bedrock suggest that these sediments
were transported for only‘ short distances. Some of these coarse gravels are clast-supported,
imbricated, and horizontally bedded, which ihdicates fluvial tfansport by high;energy streams.
Those gravels that are nonbedded and matrix supported were probably deposited by mass-wasting

processes.
 Sand, Sandy Mud, or Sandy Silt and Gravel Lithofacies
Descripﬁon

The f'me-graihed part of this lithofacies is composed of $ediments that range in gram size
from muddy and silty sand to sandy silt and mud. To simplify the following description, these
various grain-size classifications are frdm time to time collectively called sand.

Interbedded sand and gravel lithofacies (table 1, lithofadics ) locally bverlie gravel
lithofacieé’or Cretaceous bedrock in core of Fort Hancock sediments (figs. 3'and.pl. 1). In
outcrop, sections of interbedded sandy mud or sandy silt and gravel lie basinward of proXimal
alluvial fan gravels exposed along the southwest margin of the Hueéo Bolson. This litho‘facicsl :
consists of beds of gravel, which are sifnilar to the previously described gravel lithofacies, .
interstratified with beds of mﬁddy sand, silty sand, sandy qu, or sandy silt. Channel margins
were not recqgnizcd in these sediments. Coarse sediments consist of hox‘izdntally bedded, mostly

clast-supported, locally imbricated pebble to small cobble limestone gravel. Fine-grained sediments
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are poorly sorted aﬁd ‘moderate brown (10YR 4/4) to yellowish brown (10YR 5/4). anary
sedimentary structures include horizontal laminae, crossbeds, and rare beds of clay/silt rhythmites
recognized in the core. In core the sand, sandy mud, or sandy silt and gravel lithofacies fines
upward as gravel lenses become thinner and more widely separated higher in ﬂ1e secton (fig. 3,
plL. 1). CaCO4 nodules as much as 1 cm (0.4 inch) in diameter and CaCO; filaments are present in
most sand ‘and silt beds, especially'in those lacking recognizable primary sédiincntaxy structures.

Contacts between gravel and sand units are sharp.
Interpretation

Interbedded sand, sandy mud, sandy silt, and gravel lithofacies of the Fort Hancock
Formation are generally similar to midfan facies described by McGowen and Groat (1971) and
Heward (1978). McGowen and Groat (1971) described midfan sand and gravel facies as being
deposited contemporaneously by braided streams or as channel fills. Heward (1978) described
midfan facies as the resullt of debris-flows (gravels) and fluvial transport and deposition (sands).
The lack of recognizable sedimentary structures in some sections of the core is partly due to its
narrow diameter (~6.4 cm [2.5 inches]), which makes recognition of structures much larger than
ripple cross-stratification difficult. Pedogenesis, which includes in situ growth of CaCO; nodules
and filaments and possibly bioturbation (as indicated by CaCOs and manganese oxide filaments
that appear to have formed along former root ﬁaces) probably also destroycd' origi‘nal structures.

The sand, sandy mud, sandy silt, and gravel lithofacies are interpreted as medial aHuv1a1 fan
deposits, which fine upward from predominantly gravel to predominantly sand and silt, and
represent the transition from proximal alluvial fan to distal fan or alluvial plain. Both coarse and
fine elements of this facies are stream deposits, but there is insufficient data to determine if these
_ sediments were deposited by braided streams, sheetfloods, or some other process.

The presence of CaCOs nodules and filaments, which are characteristic of the early‘stages of

development of calcic soils (Machette, 1985), suggests that this alluvial fan or plain was
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periodically a stable geomorphic surface. CaCOs filaments and nodules indicate Stages I and I in
the development of a calcic soil and are the result of as much as several thousand years of
pedogenesis in an arid to subhumid climate (Gile and others, 1966; Bachman and Machette, 1977;

Gile and others, 1981; Machette, 1985).
Sand, Sandy Mud, and Sandy Silt Lithofacies

The sand, sandy mud, and sandy silt lithofacies of the‘th)rt Hancock Formation is present in
core (fig. 3, pl. 1) and in outcrop (figs. 5 through 9). This lithbfacies (table 1, lithofacies III) is. ’
probably equivalent to the sand, sandy mud, and sa.hdy silt beds described as part of the midfan
lithofacies (table 1, lithofacies II). The primary differences are that this lithofacies contains no
gravel and is well exposed throughout the study area, and channnel geometry, sequences of

channel filling, and primary sedimémary structures are abundant and well preserved.
Description

The sand, sandy mud, and éandy silt lithofacies consists of moderate-yellow-brown
(10YR 5/4) rto pinkish to yellowish-gray (SYR-5Y 8/1) sand, sandy mud, and sandy silt and IesS
commonly muddy sand or silty mud (figs. 3 aﬁd 5 through 8)i Sediments coarser than about
medium sand were observed only rarely in exposures of this unit. Fine sand, sandy mud,band
sandy silt are most commonly prescnt as horizontal laminations, ripple cross-laminations, or
ripple-drift cross-lamihations (fig. 9).'In some séqﬁen’ces clay or mud drapes are present. Gravel-
sized lithoclasts or armored mud balls of Fort Hancock Fofrnation sediment are rare. (The term
lithoclasts as used in this discussion means a mechanically formed and deposi}lted fragment of rock,
usually claystone or mudstone, and is not limited to carbonatc;. rock as defined by Gary and others
[1972]). However, sand-sized lithoclasts of Fort Hancock mﬁdstone are common. CaCO3

nodules, CaCO; films on fractures, and CaCOs-cemented rhizocretions are rare. Contacts between
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| sand and sandy mud and sandy silt beds and overlying clays and sandy clays are typically sharp.
Contacts between this lithofacies and underlying clays and sandy clays are typically gradational and
coarsen upward. ‘ | |

Sand, sandy mud, and sandy silt units were never observed to be more than 3 m (10 ft) thick
in outcrop (figs. 5 through 9), but they are substantially thicker in core (fig. 3, pl. 1). These units
are laterally very persistent, commonly extending for several hundred meters withoutbsigniﬁcant

: chénge in thickness. Few channels were recognized, but those that were had low depth-to-width
ratios (typically <0.01) (fig. 10). Individual beds within these units are a few centimeters to a few
decimeters thick and are also laterally persistent. Planar crossbed sets thicker than approximately
30 cm (1 ft) or channels deeper than approxirhately 30 cm (1 ft) were not observed. Trough
crossbed sets are rare. In both outcrop and core, the sand and sandy mud and sandy silt lithofacies
commonly overlie clay and sandy clay lithofacies with preserved paleosols. Preservation of the
uppermost buried soil horizon indicates that si gniﬁcan_t erosion and channelization did not precedes
depositidn of this lithofacies.

The sand, sandy mud, and sandy silt lithofacies occurs as reiativcly thin laterally extensive
beds throughout most of the study area. Loéally, however, near the axis of the Hueco Bolson, this
lithofacies fills channels with high depth-to-width ratios (~0.2) cut into older Fort Hancock
sediments. In the type area of the Fort Hancock Formation in Madden Arroyo and in the southern
part of ’Diablo Arroyo, channels as deep as approximately 5 m (17 ft) and several tens of meters
(tens of yards)/ wide are preserved (figs. 7 and 8). Channels occur at several stratigraphic levels,
but their lateral and vertical extent is unknown. Channel-fill sediments cornmonly fine upward
from sand with gravei-sized lithoclasts at the base of the channel fill to sandy silt or sandy mud at

“the top of the channel fill. Sand-sized lithoclasts are common and, like the gravel-sized lithoclasts
at the base of the channel fill, are composed of lithoclasts and carbonate nodules eroded from older
Fort Hancock Formation strata.

The scale of sedimentary structures in channel fills decreases.upward from large rough

cross-stratification at the channel base to horizontal laminations and ripple-drift cross-laminations
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| with clay drapes toward the top of channel fills (ﬁgs.>7 and 8). In a few outcrops epsilon cross-

stratification is preserved.
Interpretation

The sand, sandy mud, and sandy silt lithofacies of the Fort Hancock Formation i§ |
characterized throughbut most of the area by thih lateraily extensive sand, mud, and silt beds with :a
few preserved channelS havin g low depth-to-width ratios. Horizontal stratification and dune and
ripple cross-stratification are the most commonly prése'rved sédimehtary structures. Preserved clay
drapes indicate that standing water was present locally after Qatcr‘ﬂow ceased. Contacts with
underlying clay beds are most commonly gradational and coéxsening upward, indicating that
sands, muds, and silts prograded onto playa lake mudﬂats. (follectively, these features suggest that *
the sand, sandy mud, and sahdy silt lithofacies was deposited by shallow braided streams or
sheetfloods that cerrcd the very low sldping parts of a distai alluvial fan or fan delta. These strata
are similar to distai alluvial fan facies of the Van Horn Sandsioné described by McGowen and '
Groat (1971), to the distal alluvial fan facies of thé Stephani@ coalfields described by Heward
(1978), and in part to distal shéetﬂood depoéits of the Todos Santos Formation described by Blair
~(1987). In many respects this lithofacies is also comparable to the modern Gum Hollow fan delta
described by McGowen (1971) and to other fan deltas described by Sneh (1979) and McPherson
 and others (1987).

Fossil root traces, although only rarely preserved in the form of rhizocretions, suggest that
these alluvial surfaces were at least partly vegetated. The sivgr‘liﬁcancév of CaCO, nodules in these
strata is difficult to assess. Nodules are rare and are mostly preserved at the contact bétwéen sandy
or silty facies and underlying mudstones; thus these nodules may have been deposited by shallow
ground water instead of by pedogenic processes. Well-prese‘rved sedimentary structures, the
general lack of soﬂ carbonate, and lack of evidence of biological activity suggest that the sand,

sandy mud, and sandy silt lithofacies was deposited relatively rapidly.
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The sand, sandy ‘mud, and sandy silt lithofacies also fills channelks with relatively high depth-
to-width channels. Epsilon cross-stratification is preserved in some of mesc channel fills,
illustrating the former positions of laterally migrating point bars of meandering streams. Channel
fills with upward-fining grain size and an upward decrease in the scale of sedimentary structures
also indicate that these s_edimcnis were deposited by meandering streams (Bernard and others,
1970; Puigdefabregas, 1973; Jacks;on, 1976; Walker and Cant, 1979).

Erosion of local fluvial channel systems with high depth-to-width ratios represents an abrupt
change in fluvial depositional environment frbm alluvial fan sedimentation to sedimentation filling
channel‘forms having very low dcpth-to-ﬁvidthvratios' or as sheetflows. High depth-to-width
channels contain locally derived gravel-sized 1itho¢1asts of older Fort Hancock strata. Because
these channels apparently contain only locally derived sediment, they probably dfained only local
areas within the Hueco Bolson. Channel fills are also overlain by ephemeral lake sediments (sée
p. 25) (figs. 7 é.nd 8). Incision of a 5-fn-deep (17-ft) channel requires that local base level be
lowered by as much as 5 m (17 ft). The bresence of thick lacustrine sequences above the channel
fills requires that base levels contrblled by the elevation of the basin center be reestablished after
this episode of channel cutting. -

Two processes could lead to a local lowcrihg of base level: evaporation and tectonism. The |
southern end of the Hueco Bolson was occupied by playa lakes in which meter-thick sequences of
lamninated mud and silt and decimeter-thick bcds of gypsum were deposited (see p. 28). If these
lakes evaporated to dryness during periods of drought, the base level for streams draining the
southern Hueco Bolson floor might have been lowered sufficiently to allow erosion of 5-m-deep
(17-ft) channels. The depth of former playa lakes in the Hueco Bolson, however, is unknown. |
Meandering channels, which are similar to the channels in the Fort Hancock Formation, have been
observed on mudflats that are exposed between the ‘ths of distal alluvial fans and saline playa lakes
that recently contracted because of evaporation m northern Africa (Smith, 1968, his fig. 17), Iran

(Krinsley, 1970, his fig. 104), and Califomia (Handford, 1982, his fig. 5).
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Faulting c6uld a‘lsovhave affected base level within the Hueco Bolson. The axial part of the
Hueco Bolson lies within a fault-bounded graben that has expenenced Quaternary faulting (Kreitler
and others, 1986; Collins and Ra.ney, in press). Furthermore, reflection seismic data indicate that
Fort Haocock strata have been affected by faulting between the basin center and the Campo Grande
fault (J. A. Raney, personal COmrr_lunication, 1989). Normal»f‘aulting contemporaneous with basin
filling could have Jowered the local base level by 5 m (17 ft) end allowed incision of parts of the
lake floor. | ' ' |

Clay and Sandy Clay Lithofecies
Description

The clay and sandy clay lithofacies of the Fort Hancock Formation (table 1, lithofacies IV) is
characteristically moderate brown (SYR 4/4) except locally in the beds where the sediments have
been reduced to light-olive gray (SYR 8/1) (figs. 3, 5 through 8, and 11). The clay-sized fraction
of this unit, analyzed using X-ray diffraction to determine its mineralogy, typically composes more
than 50 percent of these facies and consists primaﬁly of smectite clay with lesser amounts of
kaolinite and illite (figs. 11 and 12). Additional small émoun;s of clay-sized quartz and calcite may
~ be present. ‘

‘ The clay and sandy clay lithofacies are very persistent 3latera.lly and do not occur as channel
fills. Beds of this lithofacies generally do not exceed about 3 m (10 ft) in thickness. Contacts
between clay beds and overlying sand and silt beds are mosﬂy gradational and coarsen upward.
Contacts betwcen clay beds and underlying sand and silt beds are mostly sharp.

Clay and sandy clay lithofacies commonly do not preserve primary scdlmentary structures. In
a few areas, however, horizontal laminations were preserved where they were not destroyed by
pedogenesis or multiple episodes of desiccation and wettiné, and may include thin silt interbeds.

Laminations range from approximately 1 mm to as much as several centimeters in thickness. Both
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massive and laminated clay and sahdy clay lithofacies preserve numerous deep desiccation cracks
and pedogenic calciﬁm carbonate noduleé. Desiccatioh cracks are common and occur throughout
clay and sandy clay units. Desiccation cracks are commonly filled with sand or silt and may reach
1 m in depth and more than 1 cm in width. |

Paleosols belonging to the Vertisol soil group are present at the top of nearly every unit of the
clay and sandy clay lithofacies. These paleosols are described in detail in a later section, and their

characteristics are listed in table 2.
Interpretation

Pedoturbation due to the development of Vertisol soil profiles and to the development of
pédogcnic CaCO; nodules as weil as multiple episodes of desiccation and expansion of clay
destroyed most primary sedimentary structures in the clay and sandy clay lithofacies. The very fine
 particle size of the clay and sandy clay lir.hofacies, the presence of thin horizontal laminations in
sections unaffected by pedogenesis, and its wide areal distribution collectively suggest that these |
sediments were deposited in a lacustrine environment. Preserved laminations further suggest that
these sediments aggraded as a result of many depositional events. The lateral continuity of clay and
silty clay lithofacies and the laterally consistent thickness-bf these units indicate that these lakes
covered much of the basin floor throughout at least the southern half of th.e Hueco Bolson.
Smectite clay makes up a high pefcentage of these fme-gfained sediments and indicates that they
have a high shrink-swell potential. Abundant desiccation cracks in the clay and sandy clay
lithofacies indicate r.haf periodically lake-floor sediments dried oﬁt (Demicco and Kordesch, 1986).
More important, one or more buried Vertisol soil profiles are pfesent in most clay and sandy clay
units. Vertisols typically develop‘ in expansive clay and sandy clay as a result of numerous
episodes of swelling and shrinking following periods of flooding or rainfall and desiccation.
Because paleovertisols are nearly ubiquitous at the top of each lacustrine clay unit, the lake basin in

which these clays were deposited must have flooded and dried out numerous times. Consequently,
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- clay and sandy clay lithofacies probably accumulated in a broad, shallow ephemeral lake near the
axiallpart of the Hueco Bolson. Similar strata were observed by Demicco and Kordesh (1986) in
the Lower Juréssié East Bérlin Formation and were interpreted to be the product of dry playa
 mudflat aggl'adatidn in conjunction with rapid expansion and contraction of perennial lakes in a
semiarid climate. Hubert and Hyde (1982) interpreted similar strata from the Upper Triassic
Blomidon redbeds as playa sedimeht's that accumulated under semiarid conditions.

" Deposition of clay and sandy clay lacustrine sediments and soil formation probably occurred
nearly concurrently. Thin laminae were deposited during each flood event. As/the lake dried out,
these sediments desiccated énd cracked. This process was repeated many times as lake sediments
accumulated. Multiple episodes of desiccation and expansion slowly destroyed lacustrine
sedimentary structures and initiated soil development. |

Pedogenic CaCO; nodules, which are present within the paleosols preserved in clay and
sandy clay units, are similar to CaCO; nodules in Stage I or Stage II calcic soils. Gile and others
(1981) and Machette (1985) have shown that development of ;’Stage Iand I éalcic soils takes
éeveral hundred to at most a few thousand years. In a crude fashion, paleosbl development in clay
and sandy clay lithofacies indicates a minimum time interval during which deposition and

pedogenesis was active.
Clay, Mud, Sandy Mud, and Gypsurh Lithofacies
Description

The interbedded clay, mud, sandy mud, and gypsum lithofacies was observed only at the
’southeastern end of the Hueco Bolson, in the southeastern part of the study area in exposures
between the Quitman Mountains and the Rio Grande (figs. 13 throﬁgh 15). Clay strata of this
1ithqfacics are similar in texnire, mineralogy, and color to clay described in the clay and sandy clay

lithofacies. However, clay and mud beds in this part of the Hueco Bolson are commonly laminated
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and rhythmically interbedded with laminations of fine silt. Beds of clay and mud as much as 2 m
(6.6 ft) thick without recogniiable primary sedimentary structures are also present. Massive clay
and mud beds fracture conéhoidally, and some fractures are stained with manganese oxide or
hydroxide. Although minor desiccation cracks are present, these sediments are essentially
undisturbed. o

Gypsum is present as beds of intergrowths of crystals and as small (>0.2cm [>0.1 ‘inéh] in’
length), isolated crystals disseminated in clay or mud. Transparent euhedral gypsum (selenite)
crystals as loﬁg as 5 cm (2 inches) form beds as thick as 0.5 m (1.6 ft). Interstices between the

gypsum crystals are clay filled.
Interpretation

Sediments of the clay, mud, sandy mud, and gypsum lithofacies were deposited in the deeper
parts of lakes that formed‘ internﬁtteﬁﬂy in the axial part of the Hueco Bolson. Laminated élays
were deposited from suspension in standing water. The paucity of mud cracks suggests that this
topographically low part of the bolson was not frequently desiccated. Because the Hueco Bolson
was an internally drained basin, ground water probably also flowed toward the center of the basin.
Ground-water discharge af the center of thé basin may have prevented the deepér parts of the basin
from desiccafing, which would account for the lack of desiccation cracks. Additionally, because
deeper parts of the basin would have retained water longer, this part of the lake may have
periodically held water for several years within the much larger ephemeral part of the lake basin.
Similar units were described by Groat (1972) as basin center facies of Tertiary séaiments filling the
Presidio Bolson. |

Bédded gypsum was deposited as Ca**, and SO;™ ions in lake water ah“d ground water were
concentrated by evaporation. Similar conditions are present in the Salt Basin of Texas, which lies

northeast of the Hueco Bolson, where ground waters derived from the upland areas surrounding
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the basin evaporate above the water table, and the gypsum ;ilaya surface acts as a broad groimd-

water discharge area (Boyd and Kreitler, 1986).
Sources of Fort Hancock Sediment

‘ Cfetaceoué limestones and sandstones, which make up the bulk of strata exposed in the basin
margins, were the source of sahds and limestone gravels that accumulated élong the flanks of the
Hueco Bolson. Clay-sized sediments in the southern Huécq Bolson make up a large part of the
total thickness of bolson fill. Limestones exposed along the flanks of the basin, however, were
probabiy not major soufces of clays and other fine-grained %sediment. Thus, a substantial part of the
lacustrine sediments in the study area had source areas outside the southern part of the Hueco
Bolson. Perhaps more important, the widespread lakes intd which these sediments were deposited |
probably required more wafer than could have been derived from the limited drainage basin of thé
Hueco Bolson proper. Strain (1966, 1971), Hawley and others (1969), Gile and others (1981),
Seager and others (1984), Riley (1984), and Stuart and Wiuihgham (1984) argued thata = -
substantial part of both the wéter and fine-grained sediment in ephemeral'lakes that occupied the
axial part of the Hueco Bolson were derived from farther north in the draihage basin of the
northern ancestral Rio Grandé. The northern ancestral Rio Grande drainage was established in
central ahd southern New Mexico by about 4 to 3 Ma ago (Bachman and Mehnert, 1978; Seager

and others, 1984).
Paleoclimate

Certain qualitative aspects of the paleoclimate of the Hueco Bolson during the middle
Pliocene can be deduced from the geologic and pedogenic record preserved in the sediments of the
Fort Hancock Formatioyn. Formation of facies tracks that include alluvial fans, widespread

ephemeral lakes, and lakes with local eifaporating pans in which gypsum was precipitated probably
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‘required an aridto se:mand climate. Widespread_l developrnent of Vertisols With preserved deep
desiccation crecks, mulch or nut zones and pedogenic CaCO; nodules also suggest a subhumid to
arid climate. Collectively, this evidence indicates thét the climatic conditions that prevailed during
the late Pliocene as the Fort Hancook Fonttation was being deposited were relatively dry and could
have ranged from arid to subhumid. |

On the basis of macrofossil at1d fossil pollen data, Wells and others (1982) and Axlerod and
Bailey (1986) determined that desert vegetation and arid climatic conditions were not present
during the Pliocene in the Basin and Range province and did not appear until 10 to 8 Ka ago. The
biologic and gedlogic evidence of climatic condidons are not necessarily in conflict, but collectively
they support an interpretation that the region was dry and semiarid or subhumid rather than arid

during the Pliocene.
Rates of Deposition

Did the ancestral northern Rio Grande provide most of the sediments preserved in at least the
upper part of the Hueco Bolson fill? Could as much as 2,000 m (6,000 ft) of lacustrine basin fill
have been u'ansported to the Hueco Bolson during the late Pliooene (4Ma to_2;25 Ma ago)?
Unfortunately, no data are available for the direct reconstruction of rates of sedixrtentation or

| lacustrine flooding in the Hueco Bolson during the late Tertary. Sotxle insight into these issues can
be obtained, however, by examining discharge and solute load data for the Rio Grande
(Internauonal Boundary and Water Commission, United States and Mexico, 1975). Although the
Hueco Bolson was a closed basin durmg the time that at least the upper Fort Hancock Formauon
was being deposited, it was the reservoir into which the.northem ancestral Rio Grande discharged
in early to middle Pliocene time. During this same time period, fluvial syStems occtxpied upstream
basins (Mesilla, Palomas, and San Marcial) (Lozinsky and Hawley,_i986; Lucas and Oaks, 1986;

and Repenning and May, 1986).
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River di%éﬁérge'is closely tied to rainfall. Sixty to seventy percent of the average annual
* rainfall within the upper Rio Grande drainage basin falls between June 1 and September 30,
whereas less than 10 percent falls between February 1 and April 30 (International Boundéry and
'Water Commission, United States and Mexico, 1975). Precipitation during the summer months is
mostiy the result of convective storms and' is rapid and intense. Pliocene climate was apparently
semiarid to subhumid, suggestxng that precipitation was somewhat more plenuful than at present.
| Modern dxscharge of the Rio Grande at El Paso, Texas, whxch averages 374, 000 ac- ft/a, has
beén radlcauy reduced because of upstream diversion of water for irrigation, storage of water in
vvupstream reservoirs, loss of water stored in reservoirs to evaporation, and loss of water to
? phreatophytes. FDiSCharge of the Rio Grande below Céballo Dam, New Mexico, which is 170 km
(106 mi) upsuedin from El Paso, averaged 627,495 ac-ft/a between 1938 and 1975 and reached a -
maximum of 1,795,670 ac-ft/a (1942). An annual dlscharge of 1,800, OOO ac-ft would have ﬁlled a
lake basm in Hueco Bolson that was 160 km (100 mi) long and 16 km (10 mi) wide to an average
depth of 85 cm (2.8 ft). The average annual rainfall 25 cm [10 mches] and annual runoff (5 cm [2
| inches] from the basin must be added to the average annual discharge to create a hypothetical lake
water depth of 115 \cm (3.8 ft). Although these calculations ignore substantial water loss because
of evaporation and cﬁmatic variations during the late Tertiziry, they serve to illustréte thatin a
‘ clbsed basin such as the Hueco Bolson, large ephemeral lakes could have existed seasonally as a
| result of discharge into the basin that was compaxab1¢ to discharge carried by the present-day Rio
Grande. | ‘ -
Total disSolved solids carried by the Rio Grande at El Paso, Texas, have averaged 4.0 x
108 kg (441,000 tons) per year between 1938 and 1975. Included in this total solute load are 0.44
x 108 kg (48, OOO tons) of dissolved calcium and 1.3 X 108 kg (144,000 tons) of dxssolved sulfate
‘carried by the river per year. If all the sulfate were used to form gypsum and if an appropriate
amount of water was utilized in the crystallization process, approximately 2.56 X 108 kg
(288,000 tons) of gypsum would be produced as lake wati.ers evaporated. 'Assuming a density of

2,300 kg/m?, the annual solute load of the Rio Grande will produée 111,000 m? of gypsum, which
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s equivalent 'id a 1-cm-thick layer of gypsum kcoveribng 11 km? (4.3 mi?). This discussion ignores
| any solute contribution from ground-water ﬁschﬁgc into the basin and ignores the probability that

some calcium or sulfate would go to form other minerals if cvapbration was carried to dryness.
Nevertheless, the volumes of gypsum beds obserQed in outcrop could easily have been derived
from evaporation of water volumes equivaient to from 1 to 10 annual discharges of the Rio
Grande. ‘ |

Suspended load of the Rio Granae silt- and ciay-sizcd sediment at El Paso is only 1.44 x 108
kg/yr (160,234 tons/yr). Suspended sediment load is low because upstream reservoirs behind
dams at Elephant Butte and Caballo have acted as sediment traps. Consequently, deposition rates
 for fine silt and clay cannot be estimated. | |

These discussions of sedimentation and discharge rates coﬁservatively demonstrate that the
lake that episodically covered parts of the ﬂoor of the Hueco Bolson and the gypsum deposits
within this lake could have been produced by the ancqstral northern Rio Grande if it carried an

annual discharge and solute load equivalent to that of the present-day Rio Grande.
Depositidnal History

The block diagram in figure 16 illustrates the interpreted geology and geomorphology of a
segment of thé southern part of the Hueco Bolson during deposition of the For_t Hancock
Formation. Basinal structure is based on regional structural interpretations by Collins and others
(1988). |

Strata deposited in the subbasin illustrated in figure 16 répresents a single more-or-less
continuous episode of lacustrine e){pansion resulting in burial ~f alluvial fan sediments by a rapidly
rising lake floor during the later stages of bolson sedimentation. Alluvial fan gravel, sand, and silt
(lithofacies I throu gh_ [II) were derived from the Diablo Plateau and other highlands along the

margins of the Hueco Bolson. They relatively low elevation of these highlands and the relatively
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small area that could have contributed sediment and runoff to ﬁe streams that supplied these fans
allowed only slow rates of growth, |

The southern part of the Hueco Bolson received runoff and sediment from the northern
ancestral Rio Grande during the late Tertiary. Deposition of ﬁné-grained lacustrine facies (clay and
sandy clay and clay, mud, sandy mud, and gypsum lithofacies) in ephemeral lakes in the basin
center resulted ina nsmg base level Accretion of fan sediment was exceeded by the rate of

accretion of fine-grained ephemeral lake sediments, allowing lacustnne expansion to oceur.
Deposition also exceeded rates of tectonic subsidence in the basin or the extensive subbasin
beneath the study area would not have filled with lake sediments.

As sedimentation proceeded, a broad, flat, lacustrine plain formed. Lacustrine sediments,
which have a high smectite clay content, were subjected to many episodes of swelling and |
shrmkmg as a result of precipitation or flooding and desiccation. Vertisol soil profiles formed
because of the high elay content and numerous shrink-swell episodes. The lacustrine plain, which *
was apparently nearly planar and horizontal, was periodically flooded, adding a thin (millimeters to
a few centimeters) new layer of fine sediment. As lake waters evaporated, sediments desiccated.
Repeated episodes of desiccation ultimately resulted in the destruction of most primary sedimentary
stnxcturcs in clayey lacustrine lithofacies. In this fashion sections of clay-rich sediments aggraded
without preserved sedimentary structures. Concurrent evaporation of lake waters at the
southeastern end of the Hueco Bolson produced brines from vt/hich gypsum was deposited. The
horizontality and lateral continuity of muddy lithofacies, preserved remnants of laminated clays,
muds, and silts in outcrop and core, and abundant evidence of elay and mud desiccation all suggest
that the southern part of the Hueco Bolson was occupied by a l"arge ephemeral lake while. the upper |
Fort Hancock Formation was being deposited.

Sand, sandy mud, and sandy silt deposited by shallow btaided streams as sheet sands and in
very low depth-to-width-ratio channels are interbedded with clfayey lacustrine sedim‘ents. Sheet
sands were probably deposited as distal alluvial fan or alluvial slope sediments, and they were

likely derived from both the northeast and southwest flanks of the Hueco Bolson. Additonally,
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some fine sandy facies may have been derived from alluvial plains.building southward from the
northern end of the Hueco Bolsbn (Stuart and Willingham, 1984). When lake waters were high,
these alluvial bbdieé ‘were probably fan deltas. As the bolson filled in the presence of ephemeral |
lakes, avulsion and lateral shifting of distributaries on fans or alluvial plains along the margins of
the bolson resulted in the interbedding of lacustrine and fluvial lithofacies.

Gravel and interbedded gravél and sand lithofacies were deposited by flashy, intermittent

braided streams on the proximal and medial parts of alluvial fans.

FORT HANCOCK-CAMP RICE UNCONFORMITY AND THE INTEGRATION
' OF RIO GRANDE DRAINAGE

A significant part of the Alate Cenozoic history of the Hueco Bolson can be deduced from
examining the unconformity that separates the Fort Hancbck Formatiobn from the overlying Camp
Rice Formation. This unconformity marks the change from low-energy, predominantly lacustrine
deposition to high-energy, predominantly fluvial deposition. It also recofds a period of significant
erosion along the axis of the bolson that occurred as the ancestral southern Rio Grande was

integrated with the northern Rio Grande.
Fort Hancock—Camp Rice Unconformity

The unconformity that separates the Fort Hancock and Camp Rice Formations in the southern
Hﬁeco bolson was first recognized by Albritton ahd Smith (1965) and Strain (1966). Hawley and
others (1969), Riley (1984), and Stuart and Willingham (1984) recognized the unconformity but
did not describe it. Vanderhill (1986, p. 248) described the contact between the Camp Rice and
Fort Hancock in the southern Hueco Bolson as “simply the bése of the first sandy channel, not a

regional disconformity.”
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Early interpretations of the drainage path of the northert} ancestral Rio Grande had the river
discharging into a series of lakes near Laguna Guzman and I;aguna de Santa Maria in Bolson de
los Muertos in northern Chihuahua,v Mexico, but not into the Hueco Bolson (Lee, 1907; Bryan,
1938; Kotﬂowski, 1958). Strain (1966) proposed that during periods of maximum precipitation the
separate basins of the Mesilla Bolson, Hueco Bolson, and Belson de los Muertos flooded and

‘overflowed to form an integrated network of waters he named Lake Cabeza de Vaca. “Huge
quahtities of clay and silt, which originated to the north in New Mexico and Colorado, settled in
the lakes to form well bedded deposits which abutted agains; the surrounding mountains” (Strain,
1966, p. 10). |

Strain (1971) indicated that Lake Cabeza de Vaca may 'have reached an elevation of 1,295 m
(4 250 ft) in the Hueco Bolson. Reeves (1969) stated that the base level of waters in the Hueco
Bolson was approxlmately 1,182 m (3,900 ft) where the Quitman Mountains extended across the«
present Rio Grande Valley. The h1 ‘hest exposures of Fort Hancock lacustrine sediments in the
sduthem Hueco Bolson are consxstently about 1,234 m (4,050 ft). However, these exposures are
truncated by erosmnal surfaces overlain by the Madden Gravel and it is clear that the Fort
Hancock Formanon originally extended to higher elevauons Therefore, it seems probable that Fort

‘Hancock lacustrine sedimentation (Lake Cabeza de Vaca) extended above 1,234 m (4,050 ft) and
 that the base level at the Quitman Mountains that contained the Hueco Bolson arm of Lake Cabeza
de Vaca was at least 1,234 m (4,050 ft) in elevation. | ‘ |

The clay and sandy clay lithologies that compose the lacustrine sediments of the Fort
Hancoek Formation were laid down on a nearly horizontal ephemeral lake floor and aggraded to a
level in excess of 1,234 m (4,050 ft). Differences in el‘evatien of the lake bottdrn depositional
surface across the bolson were probably only a few meters.! Comparisoh of the elevation of the
eroded upper limit of the Fort Hancock Formation with the lowest available elevatien for the
erosional contact between the Fort Hancock Formation andlthe overlying Camp Rice Formation
yields an estirhate of the minimum amount of erosion that occurred prior to the onset of Camp Rice

deposition. The lowest elevations of the contact between the Fort Hancock and Camp Rice
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Formations range from 'about 1,158 m (3,800 ft) in Alamo Arroyo to #bout 1,111 m (3,645 ft) in
Quitman Arroyo at the southeastern or downgladiént end of the Hueco Bolson. These'expdsﬂfes
lie along the northeast flank of the bolsbn, and depth of incision could have been greater near the
center of the bolson. Although faulting has down-dropped the unconformity by about 28 m (92 ft)
near Alamo Arroyo (‘Collins and Raney, in press) no field evidence is available that indicates |
faulting of the unconformity in Quitman Arroyo. Erosion, therefore, may account for as much as,
or more than, 123 m (408 ft) of relief on the unconformity that separates the Fort Hancoék
Formation from the Camp Rice Formation aiong Quitman Arroyo and 48 m (158 ft) of relief along
Alamo Arroyo. In addition, local relief on the unconformity in Arrdyo Diablo is approximately
35 m (116 ft), and Vbeneath the TLLRWDA site, relief on ‘thc uncdnformity is about 30 m (100 ft)
(pl. 1). Clearly, the Fort Hancock Formatioﬁ was eroded to an approximate maximum depth of
130 m (430 ft) before deposition of the Camp Rice Fdrmation bégan.

The elevation of the unconformity between the Fort Hancock and Camp Rice Formations is :
known from exposures in arroyds that drain the northeast flank of the Hueco Bolson. On the basis
of the elevations of these exposures, the interpreted regional southeast slope of the unconformity
can be calculated for several segments of the bolson; For example, the elevations of the
unconformity in Alamo and Quitman Arroyos near the downstream ends of these arroyos are
approximately 1,158 m (3, 800 ft)and 1,111 m (3 645 ft), respectively (fig. 1). The elevation of
the unconforrmty‘ at Alamo Arroyo, however, may have been dropped by approximately 28 m
(92 ft) due to faulting. The distance between Alamo and Quitman Arroyos is about 49 km (31 mi).
As detérmined from these data, the unconformity slopes about 1 m/km between Alamo and
Quitman Arroyos if an elevation of 1,158 m is used, or the unconformity slopes about 1.5 m/km if
the elevation is corrected for possible fault movement. |

Boothroyd and Ashley‘ (1975) and Church Fand Gilbert (1975) both s_howed that clast size 'is
roughly proporn'onal'to surface slope for laige glacial outwash fans. Although relationships
between slope and clast size are very imprecise, a slope of approximately 1 m/km to 1.5 m/km is

assocmted with sand-sized matenal and pebbles with a long axis of as much as 2 cm (0.8 inch)
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(Boothroyd and Ashley, 1975 thelr figs. 8 and 9). This is approxnnately the size distribution of
~ sediments in the Camp Rice Formauon mostly sand with a few small pebbles, that overlie the
unconformity. These relations suggest that, where the unconforrmty is exposed in the southern part
* of the Hueco Bolson, the slope of the unconformity is comparable \;vith slopes required to transport
sand and gravel of the overlying Camp Rice Formation. | |
The erosmnal unconformity at the top of the Fort Hancock Formation is the earliest and most
compelhng evidence of the integration of the ancestral northem Rio Grande to the ancestral
southern Rio Grande. Relief on the unconforrmty, which prqbably exceeds 130 m (430 ft), could
not have developed without lowering base level along the axis of the Hueco Bolson by at least an
equal amount. This radical change in base level most likely resulted because the southern end of the
Hueco Bolson was breached by overtopping a low divide at the southern end of »the bolson by
waters of the playa lake that occupied the basin or beééusc Qf headward erosion of the southern
ancestral Rio Grande (Strain, 1966; Reeves, 1969). Breaching the divide at the southern end of thé
Hueco Bolson eliminated the topographic basin occupied by playa or ephemeral lakes and allowed
the northern ancestral Rio Grande to flow through the bolson and to integrate with the southern
ancestral Rio Grande. No recognizable evidence to support either hypothesis remains where the
Rio Grande cuts through the Quitman Mountains at the southeastern end of the Hueco Bolson near
Indian Hot Springs, but it seems likely that both proéesscs played a role in the integration of the
Rio Grande. The role of faulting is also unknown, but it is pbssible that seismicity played a part in
the early bréaching of the Quitman barrier. - |
In order to bring the northern Rio Grande i_nté grade With the southern Rio Grande and to
provide the slope necéssary to transport a coarse sediment load, the Hueco Bolson was deeply
incised. Only after the integrated Rio Grande system increaséd the stream gradient thréugh the
Hueco Bolson by erosion was there sufficient flow vclocityiin the Rio Grande to transport coarse
sand and gravel. The unconformity represents a considerablé period of time during which the Rio
Grande adjusted its slope to carry available discharge énd sediment by incising the Fort Hancock

Formaton.
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Ages of the Fort Hancock—Camp Rice Unconformity and the Integration of Rio Grande Drainage

The Camp Rice Formation, which. ow)erlies the unconformity, contains the Huckleberry Ridge
Ash, which at 2.01 Ma old is the oldest of the Pearlette family of ashes (Izett and Wilcox, 1982)
Prior to the work of John Boellstorff and Glenn Izett in thc early 1970’s, estimates of the age of
the integration of the northern and southem segments of the Rio Grande were clouded by the

widely held but erroneous belief that there was only a single middle Pleistocene volcanic ash the

| Pearlettc'Ash, preserved throughout the Midcontinent and southwestern United States. The

presence of a Pearlette Ash in the Camp Rice Formation required that the formation be middle
Pleistocene in age and that integration of the northern and southern segments of the Rio Grande
occurred previously, during the early to middle Pleistocene (Strain, 1966; Hawley, 1969; Hawley . ’
and others, 1969; Reeves, 1969). Stuart and Willingham (1984) and Taylor (1987) agreed that the :
integration of Rio Grande drainages was a middle Pleistocene event»but offered no supporting
evidence. Recognizing the correct age of the ash has allowed a more accurate estimate of the timing
of the integration of Rio Grande drajnége. |

The northern ancestral Rio Grande became a through-flowing system in northern New
México about 3.0+ Ma ago (Bachman and Mehnert, 1978). In central and southern New Mexico
the Rio Grande became a through-ﬂowing stream about 4 to 3.5 Ma ago (Seager and others,
1984). ‘ |

The precise timing of integration of the northern and sbuthem ancestral Rio Grande drainage
systems is unknown; however, some inference regarding age can be made. The lower Camp Rice
Formation contaiqs a lens of the Huckleberry Ridge Ash, which Izett énd Wilcox (1982) correlated
using trace element chemistry with ash from an eruption that occurred in the Yellowstone National
Park area of Wyoming at 2.01 Ma. The ash crops out at an approximate elevation of 1,189 m
(3,900 ft). The base of the Camp Rice Formation in the study area is approximately 1,143 m

(3,750 ft). Consequently, in addition to erosion of possibly 130 m (430 ft) of Fort Hancock
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sediments, ap;‘iroaimately 46 m (150 ft) of Camp Rice strata were deposited between the time that
drainage integration occurred and deposition of the Huckleberry Ridge Ash. |

Upper Fort Hancock strata contain a Blancan Land Mammal Age Fauna (Hudspeth Local
Fauna) (Strain, 1966): thus, these strata are less than 4.5»Ma old (Tedford, 1981; Repenning and
May, 1986). Recently, vVanderhill (1986) suggested that the upper Fort Hancock strata at the type
, aection of the formation were nearly 2.48 Ma old and possibly as old as 3.4 Ma on the basis of
paleomagnetic and paleontologic evideuce. The elevation of the top of this Fort Hancock section is
only about 1,184 m (3,815 ft) requiring that about 50 m (165 ft) of Fort Hancock sediments,
* which are typlcally present to an elevation of 1,234 m (4, 050 ft), were eroded prior to deposition
of the Camp Rice Formation. These stratigraphic and geomorphtc arguments indicate that the
_ construction of the regional unconformity between the Camp Rice and Fort Hancock F_ormauons
and integration of the northern and southern aegments of the Rio Grande occurred after 2.48 Ma.
and well before 2.01 Ma, probably about 2.25 Ma ago. | | |

- CAMP RICE FORMATION

The upper Tertiary—Quaternary Camp Rice Formation unconformably overlies the Fort
Hancock Formauon throughout much of the study area. The Camp Rice is present beneath the
- eastern part of the TLLRWDA site and missing to the west (pl. 1). No Camp Rice sechments were
recognized in-exposures in Alamo Arroyo west of the TI..LRWDA site. In the sections described in
this report, the Camp Rice Formation is truncated by the Quatemary Madden Gravel. The Madden
Gravel is mostly thin pediment gravels derived from Tertiary intrusive rocks, Cretaceous
1imcstoné$ and sandstones, and older rocks exposed at the margins of the Hueco Bolson (see-
Albritton and Smith, 1965, for description of these units).;' |

Lithofacies groups of the Camp Rice Formation comprise: (1) sand and gravel; (2) sand and
exotic gravel; (3) sand; (4) coarse silt and very fine sand; and (5) clay, sandy clay, and gypsum

(table 3). Collccuvcly, these lithofacies represent deposmon by axial streams flowing’ through the
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Hueco Bolson (Iiihéfacies 2), by streams draining the margins of the bolson (lithofacies 1), by
eolian procésscs (lithofacies 3 and 4), and in éphemeral lakes (lithofacies 5). The Camp Rice
Formation, which has been mostly attributed to fluvial sedimentation (for example, Strain, 1966,
and Stuart and Willingham, 1984), represents a far mofe diverse set of depositional environments

than previously recognized.
‘Sand and Gravel Lithofacies (with common locally derived lithoclasts)
Description

Sand and gravel lithofacies comprise primarily sand- and gravel-sized sediment including
CaCO; nodules and numerous mu‘dstone lithoclasts derived from the Fort Hancock Formation
(figs. 17 and 18; table 3, lithofacies 1). This facies is preserved in broad shallow channels and lies®
directly on eroded Fort Hancock strata. Mudstone lithoclasts measure as much as to 20 cm
(7.9 inches) in diameter and are only rarely armored with pebbles or sand. CaCO; lithoclasts do
not cxceed 3 cm (1.2 inches) in diameter. Gravel-sized clasts in this lithofacies are limited to
- lithoclasts and nodules derived ‘from the Fort Hancock Formation and do not include‘ gravel-sized |
limestone clasts from the Diablo Plateau or gravel-sized igneous or metamorphic clasts derived
from outside the Hueco Bolson.

Priinary sedimentary structures range from ripple-drift cross-lamination to large-scale trough
cross-stratification, and horizontal bedding, re_ﬂecting multiple episodes of channel c_utting and
channel filling by migrating bars, dunes, and ripples (figs. 7, 17, and 19). Bases of channels are
commonly marked by accumulations of moderate-brown gravel-sized mud and clay lithoclasts.
Channel fills coimmonly fine upward from sand- and gravel-sized to mostly sand-sized sediment. |
Bed thickness and the scale of sedimentary structures also decrease upward.

Sand and gravel lithofacies are preserved in south-southeast-oriented channel complexes in

which paleoflow was generally to the southeast. Channel complexes lie between the belt of sand
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and exotic gravel lithofacies (described in following section), which occupies the axial part of the

basin and the northeastern basin margin.

Interpretation

The sand and gravel lithofacies records the onset of fluvial sedimentation that marks the
change from Fort Hancock to Camp Rice deposition. This lithofacies is characterized by numerous
cycles of cutting and filling, with channel fills in which grain size, bed thickness, and the scale of
sedimentary structures decrease upward. These sediments were deposited by a braided stream and
are similar to the gravelly to sandy braided fluvial facies described by Williams and Rust (1969),
Miall (1977), and Cant and Walker (1978). The sand and gravel lithofacies fills channels that are
oriented at a high angle to the Rio Grande and clearly contains primarily sediment eroded from Fort
Hancock strata. Consequently, the sand and gravel lithofacies is interpreted as consisting
predominantly of sediments laid down by short tributaries of the axial drainage of the Hueco

Bolson, the ancestral Rio Grande.
Sand and Exotic Gravel Lithofacies
Description

The sand and exotic gravel lithofacies consists primarily of sand and gravel with secondary
amounts of intcrbeddéd sand (figs. 6 and 19; table 3, lithofacies 2). Lithoclasts and armored mud
balls derived from clays and sandy clays and muds of the Fort Hancock Formation are locally
present at the base of channels. Gravel, which is primarily composed of locally derived limestone,
includes exotic clasts of obsidian, vein quartz, rhyolite, and other igneous, volcanic, and

metamorphic clasts. These rock types, which are absent in the study area, were derived from the
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R1o Grande drainage north of the study area. This facies is confined to the axial part of the Hueco
Bolson (ﬁg 1). '

Gravels are mostly horizontally bedded to plaﬁa;r to trough crossbedded. Sands are
horizontally to planar crossbedded or ripple cross-laminated. In some sections sequences that fine

upward from primarily gravel to primarily coarse to medium sand are common.
Interpretation

Sand and exotic gravel lithofacies were probably deposited by braided, possibly intermittent
streams. These gravelly and sandy faciés are siinilar to Recent braided fluvial deposits described by ‘
Wiﬂiaxns ahd Rust (1969), Miall (1977)-, and Cant and Walker (1978). Exotic gravel, which was
derived from north of the study area and probably largely outside of the Hﬁeco Bolson, indicates
- that these sediments wero laid down by the through-flowing ancestfal Rio Grande along the axis of :
the Hueco Bolson (Albritton and Smith, 1965; Strain, 1966). |

Sand and exotic gravel deposits are primary evidence of the integration of the northern and
southern ancestral segments of the Rio Grande. Sand and gfavel lithofacies, both with and without
exotic gravel, provide a record of the early development of a through-flowing stream and its

tributaries in the Hueco Bolson.
Sand Lithofacies
Description

In Alamo Arroyo approxlmately 1 km (0.63 mi) west- northwest of Cavette Lake, a 1- to
1.5-m-thick (3.3- to 5-ft) bed of well- sorted planar crossbedded medmm sand is exposed over a
distance of about 1 km (0.63 mi) at the base of the Camp Rice Formation (table 3, 11thofac1es 3).

Transport direction was to the south-southeast.
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Interpretation

Thé wcll-sortéd texture of these sediments, the bed thickness, the grain size, the sedimentary -
structure, and the consistent transport direction collectively suggest that transport and deposition
were by eolian processes. These sediments are similar to eolian sediments in active dunes that are
present in the study area. The sand lithofacies differs significantly from fluvial sediments in both
the Fort Hancock and Camp Rice Formation in that these sands are better sorted, do not contain
gravel, and record the movement of a thick sand body with a constant transport direction. These
well-sorted sands represent the migration of a single dune complex across the erosional surface that

developed on the Fort Hancock Formation.

Coarse Silt and Very Fine Sand Lithofacies
Description:

Near the type section of the Camp Rice Formation (Strain, 1966), which lies south of Campo
_' Grande Mountain on the east side of Campo Grande Arroyo, approximately 10 m (33 ft) of clayey
to muddy, fine to very fine sand is exposed (table 3, lithofacies 4). No primary sedimentary
structures are preserved in this lithofacies. Five cycle§ of sedimentation and soil development are
present. Each cycle consists of very pale orange (10YR 8/2), vcry fine sand with rare to common
CaCO; nodules overlain by light-brown (SYR 5/6-4/6), angular, blocky to pn'snﬁatic-fracturing
muddy sand with common CaCOs nodules. Calcium carbonate-filled root tubules (rhizocretions)
are rare to common. Strain (1966) described sediments of similar color at the type section of the
Camp Rice Formation, which also contain CaCOs nodules and lack primary sedimentary

structures.
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Interpretation

Each cycle of very pale orange fine sé.nd to light-brown muddy sand apparently fcpresents an
episode of eolian loess sedimentation on a stable vegetated surface. The upper light-brown muddy
sand is interpreted as a buried illuvial B soil horizon on the basis of increased clay and CaCOs
content. Hluvial clay horizons as well as the CaCOj3 nodules developed during periods of landscape
stability. Tﬁe stacked paleosols show no evidence of erosion between cycles of soil development,
even thbugh there are no recognizable A hbrizons. Downward-branching CaCOs;-cemented tubules
and CaCO; filaments are evidence of roots, and they indicate that the landscape was vegetated,
most likely by small shrubs or grasses. _

Development of illuvial clay horizons and pedogenic CaCOs nodules requires long periods of
landscape stability, during which pedogenic processes would have a chance to operate. Pedogenic *
CaCO; nodules form in arid to subhumid climates (Machette, 1985). Absence of sedimentary
structures also suggests bioturbation, or that sedimentary structure never developed because of
slow sedimentation on a vegetated surface. Fryberger and others (1979) and Kocurek and Neilson
(1986) suggested that vegetation, particularly grass, plays a significant role in stabilizing eolian
sediments. The texture, color, pedogenic structures, CaCO3-cemented root tubules, and lack of
primary sedimentary structures in these sediments are similar to eolian loess sections of the
Miocene—Pliocene Ogallala Formation and Quaternary Blackwater Draw Formation of northwest
Texas and eastern New Mexico described by Gustavson and Holliday (1988), Gustavson and

Winkler (1988), Holliday (1989), and Gustavson (in press).
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Clay, Sandy Clay, and Gypsum Lithofacies
Description

The clay, sa.ndy clay, a.nd gypsum lithofacies of the Camp Rice Formation is exposed by ‘
mcxslon of Alamo Arroyo and its tnbutanes over much of the area north of Alamo RCSCIVOII' No. 3
and south of Cavette Lake (fig. 19, 23 to 29 m; table 3, 11thofac1es 5). These strata, Wthh overhe
N fluvial sand and gravel of the Camp Rice Formation that contain exotic grayel, are very similar to .

| the clay and sandy clay and sand, sandy‘mud, and sandy silt lithofacies of the Fort Hancock | |
Formation (see descriptions of sand, sdndy silt, and sandy mud lithofacies and clay and sandy clay
lithofacies of the Fort Hancock Formation for details). Similan texture, color, and shrink-swell
prooerties suggest that Camp Rice clays also contain a high pet-centag'eof smectite clay. Sandy silt
composes a singie thin, horizontally bedded unit. The clay, sandy clay, and gypsum lithofacies
; lacks primary sedimentary structures where it was observed in the Camp Rice Formation.
However, a single, horizontal, nearly 7-cm-thick (2.5-inch) bed of coarsely crystalline gypsum is
present approximately 2 m (6.‘6 fr) above the base of this unit (ﬁg 19,‘ at 24.5 m). Several huri‘ed
Vertisol soil profiles (see section on paleovertisols and table 2) are present and identify a planar
‘nearly honzontal stratigraphy exposed over dlstances of several kilometers. Vertisols develop asa
‘result of numerous eplsodes of swelhng and shrinking followmg periods of rainfall or flooding
and drying. Small gypsum crystals (<5 cm [2 inches] long) and pedogenic CaCOs nodules are

scattered throughout certain zones of these Vertisols.
Interpretation

The snmla.rmes in color, texture, stratigraphy, and pedogemc characteristics between clay and

sandy clay hthofac1es of the Camp Rice Formation and the Fort Hancock Formanon strongly
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suggest that like thc clay and sandy clay lithofacies of the Fort Hancock Formation the clay and
sandy clay hthofacxes of the Camp Rice Formation were deposncd in ephemeral lakes. ’I'he thin -
gypsum bed suggests that this basin also held a saline playa for a brief time. |

Depositional History

The Camp Rice Fonnation contains a complex of lithofacies that were deposited in a wide
variety of environments (fig. 20). Sand and gravel lithofacies containing exotic gravel derived from
north of the Hueco Bolson were deposited along the axis of the Hueco Bolson by a through-
ﬂowing' stream; the ancestral Rio Grande. The presence of mlld balls, a broad shallow channel,
coarse sediment tex;ure; and common large-scale trough cfoss-stratiﬁcation suggest that tllese
'sediments were deposited by a braided stream. A second sand and gravel lithofacies containing '
numerous lithoclasts locally derived from the Fort Hancock Formation and exposed mostly along *
‘the margins of the Hueco Bolson was probably deposited by short tributaries of the ancestral Rio
Grande. These deposits, Wthh are charactenzed by broad shallow channels, few clay or mud
drapes, common large-scale trough crossbeds, coarse . sediment texture, and abundant hthoclasts
and mud balls, were deposited by intermittent bralded streams. E'
Eolian sediments in the form of locally preserved dune sand and loess were deposised
between sites of fluvial sedimentation, Loess sedimentation was prevalent locally in areas protected
from fluvial erosion andsedimentation; Intermittent strearhs, which likely deposited the sand and
gravel lithofacies, would have provided a local source of eolian sediment. I
Ephemeral lakes developed locally in areas that were affected by neither fluvial deposmon nor
erosion. Whether these lake basins developed as a result of localized tectonic sub51dence,E
' differential compaction of underlying sediments, or by some other process is unknown. ;Sedimems |
|

deposited in ephemeral lakes were subjected to perlodic desiccation, which destroyed most

sedimentary structures. Slow sedimentation in the stable lake basin allowed Vertisols to form.
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Paleoclimate

Asin the Fort Hancock Formation during the early Pliocehe, the paleeclixna;ie conditions that
prevailed in the Hueco Bolson during the late Pliocene and early Pleistocene as the Canlp Rice
 Formation was being deposited can only be described in general terms. Fluvial systems that
deposited the Camp Rice Formation were deposited by br"aidedl loce.lly intermittent streams.
Lacustrine sediments includin g discontinuous beds of gyﬁsum Were deposited in small ephemeral
lakes Eolian dunes and loess deposus were recognized locally Several cycles of buried calcic
so11s in loess and buried Vertisols with pedogenic CaCO; nodules are preserved in the Camp Rice
Formauon and are md1cat1ve of subhurmd to arid chmates (Machette, 1985). Collecuvely, this
evidence suggests that an arid to subhumid, but probably dommandy sermand chmate prevailed in °

* the Hueco Bolson during the late Pliocene to early Ple_lstocenel '
PALEOVERTISOLS

Paleovertisols ére‘ common in outcrops and in core of smectite-rich clay and mud facies (clay

and silty clay soils) of the Fort Hancock Formation and do not occur in coarser grained facies

(fig. 10). Throughout the middle and northern parts of the stucly area, paleovertisols or paleosols
with some vertic properties are present in nearly every CXposed clay or mud bed (figs. 5 through 8
and 19). Buried Vertisols and soils with vertic properties are also present in most clay and mud
facies in core to a depth of approximately 67 m (220 ft) but were not recogmzed in clay and mud
-‘facies below that depth (fig. 3). Paleovertisols were also not observed in lacustrine clays and muds
interstratified with either massive gypsum beds er beds of dispersed gypsum crystals (figs. 14 and
15). | ' |

| Paleovemsols have seldom been described in the hterature even though modern Vemsols are

‘commonly present in clayey sediments and account for more r.han 3.2 x 106 km? (1.25 x 10° mi2),
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or 2.4 percent, of the Earth’s"land‘ surface (Dudal and Eswaran, 1988). Some published examples

- of paleovertisols and buriéd soils with some vertic properties include descriptions of (1) pedogenic

slickensides that developed in fine-grained facies of Paleozoic redbcds of theBloOmsburg, G
Catskill, and Mauch Chunk Formations in the central Appalachian Mountains (Gray and
Nickelsen, 1989); (2) buried Vertisols in the Pennsylvanian Monongahela Formation (Blodgett,
1985 a, b); (3) paleosol microrelief f'eaturesin the Mishof and ArdOn Formations, Israel
(Goldbery, 1982); and (4) compressional structures associated with pattern ground developed in |

the Devonian Old Red Sandstone (Allen, 1973).
Vertisol Characteristics

Vertisols are clayey soils that develop one or more of the following characteristici (1) gilgai

r(surfacc microtopography); (2) deep, wide desiccation cracks (21 cm [0.4 inch] wide ata depth of )

50 cm [20 inches]) at some time of year; (3) high bulk density when dry; (4) very slow hydraulic

- conductivity when moist; (5) slickensides on ped faces close enough to intersect at some depth -

between 25 cm and 1 m; or (6) wedge-éhaped structural soil aggregates whose long axes dip A

~ between 10° and 60° from 25 cm to 1 m below the soil surface (Soil Survey Staff, 1975).

Montmorillonite, which is a member bf the smcctite famiiy of clay minerals with a high coefficient
of linear eXtensibility, commonly cdmposes at least 30 percent of these soils (Dudal and Eswaran,
1988). Mixtures of equal amounts of kaolinite and montmorillonite and kaolinite-rich, fine-clay
(>0.2 um) soils also have properties similar to those of montmorillonite alone (Yen’ma and others,
1985, 1987; Smith and others, 1985) and may compose Vertisols.

The characteristic shrink-swell property of smectite clays has commonly beeﬁ attributed to an
ability.to take up water or organic liquids between their structural léyers. However, Wilding and
Tessier (1988) suggested that shrink-swell properties of smectite clays result mostly from wate'r‘
loss and gain between clay particles and, to a lesser extent, from water loss and gain between

structural layers. Mielenz and King (1955) showed that free-swelling Ca montmorillonite can -
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expand 45 to 145 péréent. The percentage of free swelling is decreased for synthetic mixtures of
montmorillonite, kaolinite, and sand. Furthermore, expansion increases as original density
ihcreases. Hydration or swelling pressures in montmorillonite cfays are in the order of 1 t0 6
kg/cm? (14.2 to 65.2 lb/inéhesz) (Mielenz and King, 1955; Komomik and Zeitlin, 1970). The
ability of smectite clays to take up water between their suucturalflayers and between clay particles

is the fundamental property that leads to the development of Vc:tisols.
Paleovertisol Properties

Paleovertisols developed in clay and mud facies of the Fort Hancbck and Camp Rice
Formations, which contain more than 45 percent clay-sized material (= 8¢ or 3.9 um). As
sediments these units are classified as clays, muds, sandy clays, or sandy muds (Folk, 1968); as
soils they are classified as clays or silty clays (sand 2 to0 0.05 nim, silt 0.05 to 0.002 mm, clay
_>.- 0.002 mm) (Soil Survey Staff, 1975) (fig. 11).

The mincraldgy of selected samples of clay-rich facies of ﬁe Fort Hancock Formation, many
of which contain paleovertisols, was determined using X-ray diffraction. Whole-rock samples
were analyzed from 10° to 60° 2 theta using a-35 kv copper X-réy tube. In addition both coarse (2
to 4 um) and fine (< 2 um) clay-size fractions were analyzed from 2° to 16° 2 theta. Clay facies of
the Fort Hancock Formatidn are composed primarily of smectite (montmorillonite) with lesser
amounts of kaolinite, illite, and quartz (R. S. Fisher, written communication, 1989) (fig. 12).

The microstructure of clay facies is illustrated in figure 21. Thin sheetlike clay particles lie
subparallel to each other and are crudely laminated. According to Wilding and Tessier (1988),
absorption and loss of water in the pores between clay particlc§ such as these is largely responsible

for expansion and contraction of clay facies.
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Structures in Paleovertisols

Soil _strucnirc‘s in buried Vertisols of the Fort Hancock and Camp Rice commonly include (1)
mulch or nut zones, (2) near-vertical desiccation cracks, (3) intersecting fractures with slickensides
that bound small blocky soil aggregates and large wedge-shaped soil aggregates, (4) manganese
oxide or hydroxide films on fracture faces, and (5) CaCOj films or nodules (figs. 22 and 23).
Mulch or hut zones mark the former surface layer of buried VerdSols'and comprise compacted
angular, blwky granules. These cbmpactéd granules were derived from an oﬁginal surface layer of
loose, puffy aggregates (popcornlike texture) or df a layer broken by numerous small desiccation
cracks (fig. 24). .

Large desiccation cracks may be as much’ as 150 cm (60 inches) deep and 1.5 cm (0.6
inches) wide. Fbxmerly open desiccation cracks in buried Vertisols are recognizable when they
contain material of a different texture or‘colo.r than the main body of the soil (fig. 25). Desiccation
cracks may be filled with sand and silt that was deposited in the crack from above by either eolian
or fluvial prqcesses.'Other desiccation cracks are filled With granules of soil that fell into the cracks
from the overlying mulch zone. Sand that fills desiccation éracks is commonly cem‘entéd with
CaCOs and in plan view may outline an irregular polygonal fracture pattern (fig. 26).

Both small blocky and large wedge-shaped soil aggregates are bounded by intersecting
-fractures with slickensides. Blocky soil aggregates are normally less than 20 cm (9 inches) on a
'side. Blocky aggregates occur below the mulch zone and éommonly contain ﬁ1any small

intérsccting ‘fractures Qith slickensides (fig. 27). Intersecting fractures with slickensides aIso
bound largc (0.3-t0 3.0-m [1- to 3-ft]) wedgc-'shaped soil aggre_gates.Fraé_turés that bound
Wedge}shaped soil aggregates are commonly slightly concave upward and dip from 10° to_60° (fig.
28). Displacement across fractures bounding large wcdge-shaped‘soil aggregatés‘may exceed

several centimeters.
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A microgra‘ph:(ﬁg. 29) of the slickenside-covered surface of a soil fracture in the clay-rich
facies of the Fort Hancock Formation indicates that movement along the fracture to create the
slickensides has apparently macerated and smeared out clay particles to produee a co‘mpact, thin,
very fine grained layer. ‘ 7

Black man ganese oxide or hydroxide films are present on some slickenside-covered fracture
faces in buried Vertisols in the Fort Hancock and Camp Rice Formations. Manganese films on -
fracture faces suggest that shallow ground waters flowed along fractures and through these
sediments during or after soil formation. Pedogenic CaCOs filaments and nodules are elso present
in some paleos}ertiso'ls. CarbOnate filaments tend to follow vertical fractures, and CaCO; nodules,
which ‘may be as large‘as 10 cm by 3 cm (3.3 inches by 1.2 inches), are commonly vertically
elongated. In rhost buried Vertisols, carbonate nodules are relatively widely separated from each
other (<10 cm [3.3 inches]) (fig. 22) and clearly occur well below the mulch zone. Vernca.lly
elongate nodules may grow preferenually in buried de51ccat10n cracks. These nodules should not
be confused with rhizocretions because they are not downward branching and show no indication

of having formed around a former root.
Models for Vertisol Pedogenesis

Wlldmg and Te551er (1988) critically revxewed rnodels of Vertisol development that
empha51ze the effects of pedoturbatlon and dlfferenual loadmg Citing new evidence from Ahmad
(1983), Wilding (1985), and Dasog and others (1987) that suggests that many Vertisols do not
undergo extensive mixing, especially in the upper soil horizons, Wilding aﬁd Tessier (1988)
argued‘that structures and soil horizons in Vertisols result ﬁ’drh inherent mechanical properties of
the soil. These models for Vertisol pedogenesis are briefly described and their application to the

genesis of buried Vertisols in the Fort Hancock and Camp Rice Formations is evaluated.
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Pedoturbation

The pedoturbation model of Vertisol development was ﬁmttdescribéd by Hilgard (1906) as a
mechanism by which gilgai (fnicrotopogfaphic surface expression of Vertisols) form. He inferred
that deep cracks in soils became partly filled by material falling in from the surface and from the
sides of the ‘cracks, When the soil became wet and expanded, desiccation cracks could not clo'sé
because of the surplus material in them. Soil near the’ cracks was forc.ed away and upward from the
cracks resulting in large wedge-shaped soil aggregates bound by ﬁactures with slickensides in the
subsurface, and in microtopographic highs (gilgai) at thc surface. Development of pedogenic
horizons wouldrbc slowed or prevented by soil mixing or pedoturbation.

Wilding and Tessier (1988) noted that in some Vertisols systematic soil-property depth
functions, eluvial-illuvial horizoriation, and only sli ghtly disturbed stratigraphic horizons suggcst
_th;It soil mixing was not as active as previously thoughi. They recognized that filling of desiccation
~cracks occurs but is only partly responsiblenfo‘r formation of slickensides, gilgai, and cyclic

hoﬁzonétion.
Differential Loading

Paton (1974) suggestéd that gilgai were formed by a process of differential loading Where
clays moved from areas of high-confining pressure to areas of low-confining pressure. Paton
(1974) drew analogies between gilgai and sedimentary structures and mudlump islands from the
Mississippi delta (see Mofgan and othérs; 1968). Gustavson (1975) argued that Paton’s
application of the prbcess by which Scdimentary load structures and mudlurnpiélands occurs to the
formation of gilgai is ques‘tibnablc. Marked density differences exist between deltaic sands and
uncompacted water-saturated muds, but s‘i‘mil‘ar density differences have not been observed in

adjacent soil horizons. Furthermore, sedimentary load structures on delta front slopes tend to be

45



elongated ransverse 1o slope direction. Gilgai, when they occur on slopes greater than 1 percent,
 are elongated ridges and troughs aligned roughly parallel to the slope direction. Blokhuis (1982)
noted that the regular pattern of gilgai microtopography was not compatible with patterns of

‘ sedirnent density differences arising from recognized depositional processes.
- Soil Mechanics

‘Wilding and Tessrer (1988) proposed a model of Vemsol pedogene51s based on the
mechamcal behavior of expansive clay sedunent or soil. They recogmzed that soil wetung takes
place downward from the surface mulch zone and upward or inward from deswcauon cracks filled
with water dunng pre01p1tauon events (Howard 1932; Blake and others, 1973). Swelling and
- expansmn of near-surface clays followmg absorption of water results in uplift of surface material." -
Water absorptron and clay expansmn in the subsurface where vertical and lateral soil movement is*
confined result in crack closure and eventually in swelling pressures that exceed soil shear e
strength Swelling pressures in Vertisols are approximately 1 to 6 kg/cm2 (Mielenz and King,

-+ 1955; Komomik and Zeitlin, 1970), but probably do not exceed 1 kg/cm? at moisture levels where
_ failure is most hkely W ilding‘ and Tessier, 1988). Failure hy shearing results in small faults or
fractures with slickensides. Fractures tend to radiate outward and upward from beneath gilgai
microdepressions, forming bowl-like structures (Dudal and Eswaran, 1985; Wlldmg, 1985). The -
4 soil mechanics model accommodates formation of shcken51des and pedo gemc structure and is

| compatlble w1th systemattc depth functions recogmzed in Vertlsols (Wilding and Tessrer 1988).

Fleld observations of buried Vemsols reveal charactertstlcs that support both the
pedoturbation and soil mechanics models. Fractures (rmcrofaults) with slickensides are mosdy
concave upward and dip less than 60° (fig. 18). Shckensrdes on fractures appear to be similar to
those produced expenmentally on stiff wax by Means (1987) ThlS style of shckensxdes, which is

charactenzed by nested troughs and ridges on opposmg fracture faces, was produced by
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appmxixpately 2 cm'j'(O:S inch) of displacemeﬁt and suggests ihat slickensides in soils can be
produced with relatively little displacement. |

Deep desiccation cracks are commonly preserved in buried Vertisols of the Fort Hancock and
Camp Rice Formauons These cracks are recogmzable because they are filled with sa.nd or silt from
an overlymg unit or with clayey soil aggregates from an overlying mulch zone. Clearly, significant
‘ voiumes of sediment can be contributed to desiccated clay facies as crack fillings. In rare instances
crack fillings composed of sand and mud or clay lithoclasts may reach 10cm (4 inches) in width.

" Small-scale feverse faulting is comrnonlyb associated with fracture surfaces bounding large wedge-
shaped soil aggregates. Displéccment of filled d;:siécation cracks and CaCO; nodules across thesé
fractures rarely exceeds 10 cm. However, the fact that crack fillings and large fracture planes arc
preserved suggests that pedoturbédon was a slow proéess. Soil movement in the buried Vertisols
of the Hueco Bolson was more of a jostling of soil aggregates than a turbulent overturn. Vertisol
development in the Fort Hancock Formation is pfobably better described by the soil mechanics
model of Wilding and Tessier (1988),'but it clearly retains features described by the pcdoturbation
" model of Hilgard (1906).

The mulch or nut zoné‘ that characterizes the upper 10 to 20 cm (4 to 8 inches) of a Vertisol
developed in a smectite-rich clay in an arid or-semiarid climate consists of small, loose an gulaf soil
aggregates. Deposition of fine-grained sediments of the Fort Hancock and Camp Rice Formaﬁons
occurred primarily from settling outfrdm suspension in playa lakes or locally as overbank 7
deposits. Preserved sedimentary structures in these énvironmems are rare, but preserved structures
~ are primarily thinly laminated clays and interlaminated thin silts ahd clays. These structurés suggest
that ephemeral lake deposits were built up over a long period of time by numerous depositional
events, each of which contributed a smallqincrement of sediment. Laminationé were preferg:ntially :
preserved where playas remained flooded or where playa surfaces remained wet at ground-yvater
discharge poihts. Where playé. sediments were exposed after flood events, desiccation occurred
and mud cracks as deep as a meter formed. Desiccation cracks disrupted lamination. The next

flooding event wet the soil, washed mud chips into cracks, and caused cracks to close. Desiccation
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followed and the process of crackmg was repeated. Sand srlt or small mud flakes were 'Blown
into cracks. As lacustnne sedlments slowly accumulated numerous cycles of deposition followed
by desiccation obhterated sedlmentary structures a.nd resulted i m the massive clay and sandy clay
beds that are as much as 2 m (6.6 ft) thick in the Fort Hancock and Camp Rlce Formations.
Although many cycles of shnnk/swell occurred, the destrucnon of pnmary sednnentary structures
was mostly accomplished by repeated episodes of wettmg and ;des1ccanon at the surface, not by -

turbulent overturn of the soil. -
- Degree of Buried Vertisol Development

The degree of soil development ranges from (¢)) undlsturbed 1ammated playa lake deposns to
) lacustnne laminae with desiccation cracks to (3) 2-m-thick clay beds havmg all the
charactensncs of a preserved Vertisol and a few remnants of dxsturbed blocks of laminated lake
clays to (4) Vertisols with no preserved primary sedlmentary structures Most commonly, no
bsedlmentary structures are preserved The degree of development of buried Vemsols in sediments
of the Fort Hancock and Camp Rice Formations probably depended on several factors, including
clay content and mmeralogy, duration of surface exposure, the frequency of flooding or rainfall
events to whtch these sediments were subjected, degree of desrccatlon and to some extent the rate
of burial by later sedimentation. Recognizable buned Vern_‘solj honzons are present only in clay,

mud, sandy clay, and sandy mud facies containing more than 45 percent clay.
Age of Paleovertisols

The time required to generate Vertisols such as those typical of the buried soils preserved in
the Fort Hancock Formation is difficult to assess. No reCogni?ed chronosequences have been
described for Vertisols that formed in a desert basin under semiarid climates. Furthermore,

Vertisols form under a variety of climatic conditions, rangingjfrorn humid to arid and tropical to
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‘ temperate. SwelIing and desiccation of clays is an integral part of the formation of Vertisols, and
the frequency of shrink-swell cycles to which a soil ls subjected is directly tied to climate and
deposltional setting. Shrink-swell cycles might be expected to be more frequent in a subhumid
temperate climate than in a humid tropical climate, where soils remain wet most of the year, or in
an arid or cold climate where soils remain dry or frozen for much of the year. Consequen_tly,
Vertisols are likely to form at different rates under different climatic conditions. 7 |

Gllgal and pedogemc structures such as slickensides have been reported to have formed in
time intervals as short as 5 to 200 yr (White, 1967 Parsons and others, 1973; Yaalon and Kalmar,
1978; Wilding and Tessier, 1988). However, even though some so1l structures can form in these
short time periods, newly deposited sediment cannot be transformed to a mature Vertisol in as few
as 5 yr. Certain structures such as gilgai (microtopography), however, can reform in as little as 5
yr after being leveled. |

Pedogenic structures associated »vith calcic soils such as CaCOj; nodules and filaments are
commonly observed in clay and sandyvclay lithofacies (ephemeral lake clay) in the Fort Hancock
Formation but are only rarely seen in coarser grained facies except as lithoclasts. In the Camp Rice
Formauon pedogenic CaCO; nodules and filaments developed in the coarse silt to very fine sand
~ (loess) hthofac1es and the clay and sandy clay llthofacms (ephemeral lake clay) CaCO; nodules in
loess were accompanied by the development of illuvial clay honzons.

CaCO; in calcic soils is derived from several potential sourees, including eolian CaC'Og dust,
CaC03 dissolved in rainfall, and dissolving surface or near-surface carbonate rocks. Precipitation
or surface runoff ean'ying small amounts of dissolved CaCO; commonly infiltrates only near-
surface sediments. Some of this water is lost to evaporation, and solutes such as CaCO; are left
behind. Usuallv this process takes place in the upper 1.5 m (5 ft) of near-surface sediments. Clay-
sized sediments carried in suspension are also left behind as near-surface waters evaporate. .

Studies by Bachman and Machette (1977), Gile and others (1981), and Machette (1985) have
provided considerable insight into the processes and rates of CaCOs accumulation and

characteristic structures associated with the development of calcic soils and calcretes. For example,
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de_veIOprnent of CaCO; nodules and filaments are charactex-istic features in the early stages (I and
II) of develOpment of calcic soils.'Gile and others (1981) suggested that Stage I calcic soils form in
100 to 7 000 yr and that Stage II calcic soils form in 8,000 to 15 ,000 yr in nongravelly, sandy, ;
low-clay content matenal in the Basin and Range area of southem New Mexico.

Although CaCO, nodules and filaments are present in 'most buried Vertlsols, the ﬁlaments
and nodules are w1dely d15persed The fact that only a few d1$persed nodules are present inclayey
facies of the Fort Hancock Formation suggests that the soil age relauons described by Grle and
~others (1_981) for coarser sediments may not be applied directly to desiccated cla_ys. For example,

surface water probably inﬁltrated along desiccation cracks instead of infiltrating the soil on a broad

front. Consequently, solute loads were concentrated i in desrccanon cracks as evaporanon occurred, '

: and these widely dlspersed nodules were able to grow more rapxdly than in coarser sed1ment If

this is correct, then the few dispersed CaCOs nodules that characterize many buried Vertisols could

‘have developed in a shorter tirneframe than 77000 to lS,OOb yr—perhaps onlyla few thousand
years. . | 4’ .
In summary, the time required to develop a Vertisol can only be grossly estimated on the
basis of ,‘nmes required to regenerate soil nuerotopography and on times required to form soil -
: structures such as_CaCO;, nodules and filaments. On.the basis of these arguments, Vertisols in the
Fort Hanoock and Camp Rice Formations probably formed in several hundred to several thousand

- years.
SUMMARY

During the late lertiary the southern Hueco Bolson was an internally drained basin filling
. with fluvial and lacustrine sediment of the Fort Hancock Formation‘. Proximal, transitional, and
- distal alluvial fan sedintents (gravel, gravel 'and sandy silt, sandy silt, and sandy mud,lithofacies)
: were derived from the Diablo Plateau and other hi ghlands alon g the margins of the Hueco Bolson.

The basin also received runoff and sediment, albeit mostly suspended sedirnent, from the northern
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' aﬁceStral Rio Grande: Rapid deposition of fine-grained lacustifine sediments (clay and sandy clay
and clay, mud, Saﬁdy mud, and gypsum lithofacies) in ephemeral lakes in the basin center resulted
in a rapidly rising base level. Deposition exceeded rates of tectonic subsidence in the basin, and
mrough-ﬂowing drainage began as the confining barrier at the southern end of the basin was
breeched. ‘ | | |
Deposmonal environments in the Fort Hancock Formation mcludcd alluvial fans and

ephemeral lakes, which suggest an arid to semiarid climate during deposition. Paleosols preserved-
 in the Fort Hancock Formation include calcic soils and V. ertisols. Calcic soils form most commonly
in subhumid to arid elirnates and, in conjunction with the stratigraphic evidence, indicate that arid
to semiarid climates prevailed as the upper Fort Hancock Formation was being deposited. |

' Breeching of the drainage divide at the southern end of the Hueco Bolson ixlitiated é long
period of erosion during which the newly integrated Rio Grande drainage was incised more than
130 m (430 ft) into Fen Hancock sediments in the seuthem part of the Hueco Bolson. This event
cannot be precisely dated but probably occurred about 2.25 Ma ago.

| The Pliocene—Pleistocene Camp Rice Formation unconformably overlies the Foi‘t Hancoek
Formation and contains a complex of lithofzieies that were deposited in a wide variety of
environments. Sand and gfavel:lithofacies containing exotic gfavel derived from north of the
Hueco Bolson were deposited along the axis of tﬁe»bolson by a thfough-ﬂowing stream, the
ancestral Rio Grande. A second sand and gravel lithofacies containing numerous lithoclasts derived
from the Fort Hancock Formation was most likely deposited by short tributaries of the Rio
Grande. Locally preserved eolian dune sand and loess were deposited between sites of fluvial
sedimentation. Lacustrixie sediments accpmulated in ephemeral lakes that developed locally in areae
affected by neifher fluvial depositien nor erosion. Sediments deposited in ephemeral lakes were
subjected to periodic desiccation destroying most primary sedimentary structures. Slow b.
sedimentation in the stable lake basin allowed Vertisols to form. o

Fluvial systems that deposxted the Camp Rice Formation were largely ephemeral bralded

streams, suggesting arid to subhumid conditions. Lacustrine sediments mcludmg discontinuous
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‘beds of gypsum were deposited in ephemeral lakes, and most 1ikely indicate an arid or semiarid :
climate. Pedogenic CaCO; nodtrles are common inv buried soils in the Camp Rice Formation and’
| also suggest subhumid to arid climates. Soil, strangrapth, and fossil evidence indicate that climatic |
condmons in the Hueco Bolson from the late Tertiary to the early Quaternary were semiarid to
- subhurmd e
Paleovernsols commonly developcd on the smecme—nch clayey sediments deposrted in
ephemeral lakes of both the Fort Hancock and Camp R1ce _Formauons. These paleosols are:
characterized by mulch zones, deep desiccation cracks, intersecting fractures with SIiCkensides,
manganese oxide or hydrorride stains on fractures, and C;aCOQ nodules. Vertisols formed in
epherneral iake clays as aresult of numerous episodes of shrmkmg and swelling because of

“flooding or'precipitatiorr and desiccation.
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Dillon. The text was edited by Bobby Duncan and assembled by Jamie H: Coggin. Word

processing was by Melissa Snell
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Figure 1. Location map showing described sections, Texas Low-Level Radioactive Waste Disposal
Authority hydrologic and stratigraphic test well no. 22, and the northeastern limit of exotic gravel

in the Camp Rice Formation (limits of exotic gravel modified from Albritton and Smith, 1965).
Numbered sections refer to figure numbers in this report.
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Figure 3. Lithologic diagram interpreted from core of Texas Low-Level Radioactive Waste
Disposal Authority well no. 22 (see fig. 1 for location of well no.22). Section records the
transgression of distal alluvial fan and ephemeral lake deposits across proximal alluvial fan
deposits. Roman numerals identify lithofacies in the Fort Hancock Formation: I, gravel (proximal
alluvial fan); II, sand, sandy mud, or sandy silt and gravel (transitional alluvial fan); II, sand,
sandy mud, and sandy silt (distal alluvial fan); IV, clay and sandy clay (ephemeral lake).
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Figure 4. Matrix-supported subangular limestone gravel in core from a depth of 149.6 m

(463 ft) from Texas Low-Level Waste Disposal Authority stratigraphic test well no. 22. Matrix-
supported gravel is typical of interpreted proximal alluvial fan deposits of the Fort Hancock
Formation. Core is 7.7 cm (3 inches) in diameter. See figure 1 for location of well no. 22.

66



Madden Gravel
Stage IV caicrete.

- Silty fine sand. No primary sedimentary
structures. :

Horizontally bedded to planar cross-
bedded clast-supported pebble gravel
interbedded with horizontally laminated
>4 _ sand.

Fort Hancock Formation

Rotated slump block with parallel
laminated silt and clay. Abundant
CaCO3 nodules up to 10 cm long.

/ Horizontally bedded sandy silt, silty

clay, and clay. Abundant CaCO3
nodules up to 10 cm long, horizontally
elongate.

CaCOj3 nodules.

' Buried Vertisol in silty expansive clay.
! | Common vertically elongate CaCOg3
nodules. Desiccation cracks (mulch
2! ' | zone)filled with sand. Common

[ intersecting fractures with slickensides
bounding ped faces. No primary
sedimentary structures.

|
-— Silty sand, no primary sedimentary
Y ry I structures, common horizontally
)
1

27

24—

elongate CaCOg3 nodules.

Buried Vertisol in silty expansive clay.
18 | : Common vertically elongate CaCO3
: AN " nodules. Desiccation cracks (mulch
—T_\ zone) filled with sand. Common

, intersecting fractures with slickensides
bounding ped faces. No primary
sedimentary structures.
Desiccation cracks (mulich zone) in silty
clay.
Silty very fine sand with CaCOj3 nodules.
No primary sedimentary structures.

Incipient Vertisol in laminated, upward-
coarsening, expansive silty clay to clay.
Desiccation cracks (mulch zone) in
upper 30 cm filled with sand. Vertically
elongate CaCO3 nodules in upper 100
cm. Laminae preserved only in lower
150 cm.

Ripple and climbing ripple cross-
laminated and horizontally laminated
fine sand capped by clay drapes.

Horizontally laminated sift and mud.

Horizontally laminated to ripple cross-
laminated silty sand.

Horizontally laminated silty sands
capped by clay drapes.

Buried Vertisol in expansive clay.
Desiccation cracks (mulch zone) in
upper 30 cm filled with sand. Common
intersecting fractures with slickensides.
Common vertically elongated CaCO3
nodules.

Buried Vertisol in expansive clay.
Desiccation cracks (muich zone) in
upper 30 ¢m filled with sand. A few
desiccation cracks are as deep as 150
cm. Common intersecting fractures with
slickensides. Few vertically elongated
CaCOg nodules.

Ripple cross-laminated and climbing
ripple cross-laminated sands capped by
clay drapes. CaCOj3 nodules and
stringers on top of each clay drape.

0 . . Qat2l2t.

Figure 5. Stratigraphic section of the upper Fort Hancock Formation exposed in the headwaters of
~ Alamo Arroyo (see fig. 1 for location). Elevation of the base of the section is approximately

1,213 m (3,980 ft). Elevation of top of the Fort Hancock Formation is approximately 1,234 m
(4,050 ft). Roman numerals identify lithofacies in the Fort Hancock Formation: III, sand, sandy
mud, and sandy silt (distal alluvial fan); IV, clay and sandy clay (ephemeral lake).

oI
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Madden Gravel
Stage 1V calcrete.

Matrix- to clast-supported planar cross-
bedded to flat-bedded gravel inter-
bedded with flat-bedded sand. Gravel
clasts are locally derived limestone,
sandstone, and porphyry clasts up to
12 ¢m long.

Camp Rice Formation
.- Stage lll calcic horizon in silty very fine (
sand. CaCO3 nodules locally coalesced

to form ladder structures.

Partly CaCOg-cemented, matrix-

" supported, flat-bedded gravel inter-

bedded with flat-bedded to planar cross- . =
bedded sand. Gravel includes exotic -

clasts of obsidian, vein‘quartz, and

rhyolite clasts up'to 10 cm long.

Fort Hancock Formation
Buried Vertisol developed in moderate-
brown expansive mud. No'preserved
primary sedimentary structures.
0 [} Slickensides on fracture faces (ped
surfaces). Major fractures are concave
up and dip less than 45°. Desiccation
cracks (mulch or.nut zone) in upper
Covered 30 cm-of soil contain sand and pebbles.
CaCOj3 nodules (up to 3.cm by 5 cm) are
vertically oriented.

12—

Channel contains upward-fining
sequences of ripple-drift cross-
laminated to flat-bedded silty very fine
sand capped by silty clay drapes.
Mudstone lithoclasts present near
channel floor.

Channel bank is moderate-brown
expansive sandy-clay to silty mud. No
primary sedimentary -structures.

Pinkish-gray, ripple cross-laminated
silty-very fine sand. - |

Incipient buried Vertisol developed in -
laminated expansive sandy clay to silty
mud. Desiccation cracks filled with silty
sand. CaCOg near base.

Buried Vertisol developed in expansive
sandy clay to silty mud.. No preserved
primary sedimentary structures.
Desiccation cracks in upper 30 cm mark
a mulch or nut zone. Common
intersecting fractures with slickensides
bound ped faces. Vertically elongate

- CaCOg nodules:

Ripple cross-laminatedisandy silt.

- Moderate-brown expansive sandy clay
- to silty mud. No primary sedimentary

el structures. )
e e Ripple cross-laminated silty very fine
m e AR — sand. e : C
T T Expansive sandy clay.-to silty mud with : o
T light-olive-gray streaks. 'No primary i
T e L el sedimentary structures. Desiccation
[ova THTWITUTW fractures in upper 30 cm filled with silty
0 very fine sanfi. . QA12120

Figure 6. Stratigraphic section of the upper Fort Hancock Formation and Camp Rice Formation
exposed in Diablo Arroyo (see fig. 1 for location). Elevation of the base of the section is
approximately 1,137 m (3,730 ft). Elevation of the top of. the Fort Hancock Formation is 1,155 m
(3,773 ft). Roman numerals identify lithofacies in the Fort Hancock Formation: III, sand, sandy
mud, and sandy silt (distal alluvial fan); IV, clay and sandy clay (ephemeral lake). Arabic numerals
identify lithofacies of the Camp Rice Formation: 2, sand and exotic gravel (braided stream); 4,

coarse silt to fine sand (loess).
: 68



24

Madden Gravel
Stage IV calcrete.

Sand, no primary sedimentary
structures. CaCOg nodules, partly
CaCOgz-cemented.

'/ Camp Rice Formation

Trough cross-stratified sand and gravel.
Gravel-sized lithoclasts are Fort
Hancock Formation mudstones or
CaCOg nodules. Lithoclasts <8 cm long.

Planar and trough cross-stratified sand.
Gravel-sized lithoclasts of Fort Hancock
Formation mudstones mark channel
floor. CaCOg nodules (<5 cm long).

Trough cross-stratified sand and gravel.
Gravel-sized lithoclasts are Fort
Hancock Formation mudstones.
Lithoclasts <10 cm long.

Horizontally laminated silty clay. (No
desiccation cracks.)

Trough cross-stratified sand and gravel.
Gravel-sized lithoclasts are Fort
Hancock Formation mudstones.
Lithoclasts <10 cm long.

e e e 0
Fort Hancock Formation

Buried eroded Vertisal in silty sandy
clay. Large wedge-shaped soil
aggregates bounded by fractures with
slickensides. CaCQO3 nodules at upper
contact.

Horizontally laminated to ripple cross-
laminated sandy silt. ‘Clay laminae.
Rare burrows. Rare desiccation cracks.

Buried Vertisol in silty, sandy clay.
Desiccation cracks filled with silty sand.
Common intersecting fractures with
slickensides bound large wedge-shaped
soil aggregates. Few.CaCOj3 nodules.

Silty fine sand in large trough cross-
beds. Common krotovina or root traces.

QA 2118

Figure 7. Stratigraphic section of the upper Fort Hancock Formation and Camp Rice Formation
exposed in Diablo Arroyo (see fig. 1 for location). Elevation of the base of the section is
approximately 1,177 m (3,860 ft). Elevation of the top of the Fort Hancock Formation is
approximately 1,183 m (3,880 ft). Roman numerals identify lithofacies in the Fort Hancock
Formation: III, sand, sandy mud, and sandy silt (distal alluvial fan); IV, clay and sandy clay

(ephemeral lake). Arabic numeral 1 identifies the sand and gravel lithofacies of the Camp Rice
Formation. - ) ‘
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Ramey Gravel
Horizontally bedded sand and gravel.
Gravel clasts mostly limestone and

" chent <20 cm long. CaCOg nodules at
base. : :

Fort Hancock Formation
Buried Vertisol in silty clay. Mulch and
mulch-filled fractures extend to base of
sitty clay. Large wedge-shaped soil
aggregates bounded by fractures with
slickensides. Small blocky soil
aggregates bounded by fractures with
slickensides. Manganese fimson -

fractures. CaCOg nodules <3 cm long.

Horizontally laminated silty clay and
clay. Desiccation cracks.

Ripple cross-laminated sandy sik.

Buried Vertisol in silty clay. Mulch and
mulch-filled fractures extend to base of
silty clay. Large wedge-shaped soil
aggregates'bounded by fractures with
slickensides. . Small blocky soil
aggregates bounded by tractures with
slickensides. . Manganese films on
fractures. Few CaCOg nodules <3 cm
long.

Channel contains an upward-fining

. sequence of sand and gravel-sized
lithoclasts at base of channel fill
deposited as large-scale trough cross-
beds to sandy silt at top of channel fill
deposited as horizontal laminae and
ripple cross-lamination.

Buried Vertisol in silty clay. Common

. large wedge-shaped soil aggregates
bounded by fractures with slickensides.
Small biocky soil aggregates with
fractures with slickensides.

Ripple cross-laminated to ripple-drift
cross-laminated sandy silt separated by
thin (<2 cm thick) clay drapes with
desiccation cracks.

Buried Vertisol in silty clay. Common
large wedge-shaped soil aggregates
bounded by fractures with slickensides.
Small blocky. soil aggregates bounded
by fractures with slickensides.

Qal219

Figure 8. Stratigraphic section of the upper Fort Hancock Formation exposed approximately
0.75 km (0.5 mi) northeast of the type section of the Fort Hancock Formation in Madden Arroyo
(see fig. 1 for location). Elevation of the base of the section is approximately 1,143 m (3,750 ft).
Roman numerals identify lithofacies of the Fort Hancock Formation: III; sand, sandy mud, and
sandy silt (distal alluvial fan); IV, clay and sandy clay (ephemeral lake). '
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Figure 9. Ripple cross-laminated, silty, .very‘ﬁne sand from core of Texas Low-Level Radioactive
Waste Disposal Authority well no. 22 at a depth of 101.2 m (332 ft). Core is 7.7 cm (3 in) in
diameter. Silty sand is typical of distal alluvial fan deposits. See figure 1 for well location.
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Figure 10. View of upper Tertiary Fort Hancock Formation overlain unconformably by the
Quaternary Madden Gravel in the headwaters of Alamo Arroyo. In a general fashion these units
fine upward. Increasing clay content results in darker colors. Each clay (dark) unit contains a
buried Vertisol. Steep bluffs are approximately 30 m (100 ft) high.
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SILT

(a)
QAt217
cLAY

o/ Paleovertisol in Fort Hancock
o¢ Paleovertisol in Camp Rice

o Playa Basin

Clay L%am Silty Clay
Loam
Sandy Clay .,
Loam \
Ll
. / . .
. .
L]
it
Sand Loam Sitt Loam
.
. Silt
L]
(b) SAND SILT
QAI2116

Figure 11. Textural classifications of sediments of Fort Hancock and Camp Rice Formations.
(a) Triangular chart showing percentages of sand (2 to 0.0625 mm), silt (0.0625 to

0.0039 mm), and clay (less than 0.0039 mm) (after Folk, 1968). (b) Triangular chart showing
percentages of clay (less than 0.002 mm), silt (0.002 to 0.05 mm), and sand (0.05 to 2 mm) in
basic soil textural classes.
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EXPLANATION

S Smectite
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\ Q Quartz

GLYCOL
| K
Q
AIR DRY
r T T T T T T T T 1
2 4 6 8 10 12 14 16 18 20 Degrees 29

QA12303

Figure 12. X-ray diffraction diagram for selected samples of Fort Hancock Formation clay'and
mud facies. Clays are primarily smectite with lesser amounts of illite, kaolinite, and quartz.
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Figure 13. Interbedded c‘lay and gypsum of the clay, sahdy mud, and gypsum lithofacies (playa
lake) of the Fort Hancock Formation exposed along Nealy Canyon. Knife is 9 cm long.

75



— ..’ | Ramey Gravel

‘Fort Hancock Formation
Horizontally laminated clay.

Clay, no primary sedimentary
structures. * :

Horizontally laminated clay.

Interbeds (<5 cm thick) of clay
containing laminae of gypsum and of
gypsum containing: laminae of clay.
Gypsum locally ripple cross-laminated. -

AAAIAA AN

SIS IIIIIIS SIS SIS T,

SIIIIIIIIIIILIILIIIIISS
V7

L2727 27 2777 2 ol Lol )

Clay with horizontal zones of dispersed
gypsum crystals. Crystals <2 mm long.

(2772 727 272 72 227 /2 224 i .
No primary sedimentary structures.

v .
PIIIIIIIIIIIIIIIIIIIIY, Gypsum.and clay. ' Gypsum crystals
rsrr IO I SIS IIIIIS <2 cm long.

CFr o> 27> > 22 22 272

REZL 22 22 o o g Clay with horizontal zones of dispersed

. gypsum crystals. Crystals <3 mm long.
PP ITI I I > ) No primary sedimentary structures.
VNV YWV W Very finely crystalline analcime (altered
VVVVVVVYV V volcanic ash). Grades up to clay.

Clay. No primary sedimentary
structures.

0, s, Syeals <t em lens. Pores

: Gypsum interbedded with clay. Gypsum

Wt v — ey -
Ll 2l 22222l cry stals <3 mm lo ng.

v o v - o > —

QA 12123

Figure 14. Stratigraphic section of the upper Fort Hancock Formation exposed in Nealy Canyon
approximately 1.6 km (1 mi) northeast of the Rio Grande. No paleovertisols were recognized in
clayey sediments in this section. See figure 1 for section location. Elevation of the base of the
section is 1,061 m (3,480 ft). Roman numeral V identifies the clay, mud, sandy mud, and gypsum
lithofacies interpreted to have been deposited in a playa lake.
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Madden Gravel : ‘
Clast-supported to matrix-supported
flat-bedded to planar crossbedded
CaCOg-cemented gravel interbedded
with flat-bedded sand.

Camp Rice Formation
Clay.

24

20+

Sand to silty sand, flat-bedded to ripple

Ea— — crossbedded. Sparse beds fine upward.
/" For Hancock Formation

Horizontally bedded sandy mud
interbedded with clay-silt rhythmites.

Sandy mud, no primary sedimentary
structures.

Horizontally bedded sandy mud
interbedded with clay-silt rhythmites.

I e M 2

Sandy mud, no primary.- sedimentary
structures.

’ Siity sand, horizontally bedded.

NANZZd 7D

Sandy mud, no primary sedimentary
structures.

Sandy mud, common gypsum crystals
(<4 cm in length) in discrete bands up to
6 cm thick. :

Sandy mud, no primary sedimentary
structures.

CIIISIIIIIIIIIIIIIIY,

|27 7227777727222

oIIIIS GIIIIIIIIIIS

Sandy mud (<6 cm) interbedded with
beds of gypsum crystals (<1 cm).

12+

GIILIITIIIIIIIIIIIIII S|
AT IIIIIIITITIIIIITS|

- Gypsum crystals (<4 cm).

Sandy clay and silt rhythmites,
horizontally laminated, interbedded with
thin (<0.5 cm thick) gypsum beds. Few
horizontally laminated silt beds.

Sandy clay, no primary sedimentary
structures.

" Horizontally laminated sandy clay/silt
laminae.

Horizontally bedded sandy mud
interbedded with thin (<0.2 cm thick)
sandy silt beds. Disseminated gypsum
crystals.

Silty sand to medium sand. planar
crossbedded, armored mud balls and
mudstone lithoclasts..

Volcanic ash, altered to very finely
crystalline analcime.

Silty sand, ripple cross-laminated.

Load structures.

Sandy silt, ripple cross-laminated to

horizontally laminated, partly CaCOg3-
cemented. i

Sand, silt, and silty fine sand cross-
bedded to horizontally bedded and
trough crossbeds. Load structures.

QA 12124
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Figure 15. Stratigraphic section of the upper
Fort Hancock Formation exposed in Quitman
Canyon approximately 3 km (2 mi) northeast
of the Rio Grande. See fig. 1 for section
location. Elevation of the base of the section
is approximately 1,085 m (3,560 ft).
Elevation of the top of the Fort Hancock
Formation is approximately 1,113 m (3,650
ft). Roman numerals identify lithofacies in
the Fort Hancock Formation: III, sand, sandy
mud, and sandy silt (distal alluvial fan); V,
clay, mud, sandy mud, and gypsum (playa
lake). Arabic numeral 1 identifies the sand
and gravel lithofacies of the Camp Rice
Formation, interpreted to have been deposited
by a braided stream.
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Figure 16. Block diagram showing interpreted deposmonal environments of the Fort Hancock
Formation in the southern Hueco Bolson.
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Figure 17. Large-scale trough cross-stratification in sand and gravel lithofacies of the Camp Rice
Formation. Bases of channel fills contain gravel-sized lithoclasts derived from Fort Hancock

Formation. Fort Hancock Formation is exposed below the erosional unconformity at the base of
the Camp Rice section in the left side of the photograph. Bluff is approximately 5 m (17 ft) high.
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Figure 18. Lithoclasts including a large mud ball in the Camp Rice Formation derived from clayey
facies of the Fort Hancock Formation. Mud balls are commonly not armored. .



" Madden Gravel
Stage IV cakrete with upper 20 cm
laminated, polygonal fractures, and
CaCOg laminae on fracture taces.

e

o=

Covered

/

Horzontally bedded pebbly sand.

Stage |V calcrete, upper 15 cm
laminated. CaCO3 laminae on fracture
faces.

o A N R

34

N 4 _A 4o

e

Covered

I

Horizontally bedded pebbly sand.

Stage |V calcrete, upper 15 cm
laminated, ladder structure,
rhizoconcretions.

Fine sand, no sedimentary structures.

- ° N

Stage Ili calcic soil, common
rhizoconcretions.

Sand, no sedimentary structures.
Medium sand, horizontally laminated.

NN

NN

Trough crossbedded medium sand with
common granule- to pebble-sized
lithoclasts (black) and horizontally
bedded and pianar-tabular cross-
bedded sand. Lithoclasts mostly
CaCO3 nodules or CaCOz-cemented
sand or mudstone fragments of Fort
Hancock Formation. Common mud balls
armored with sand.

Matrix-supported gravel (<5 cm long) of
mudstone lithoclasts (black). Armored
mud balls (black). Matrix is medium
sand.

Fine sand, planar crossbedded.

Medium sand, no primary sedimentary
structures, buried soil B horizon.

OO,

)

DIy

B horizon.

« Camp Rice Formation

* Matrix-supported gravel (<5 cm long) of

mudstone lithoclasts (black). Armored
mud balls (black). Matrix is medium
sand.

Stage IV caicic, upper 20 cm laminated.
" Buried Vertisol, mulch zone at top.

Expansive sandy clay to sandy mud.
Angular blocky soil aggregates with
CaCO3 and Mn films on fracture faces,
common intersecting fractures with
slickensides, rare CaCOg nodules, rare
gypsum crystals up to 5 cm long, no
preserved sedimentary structures.

Buried Vertisol, mulch zone at top.
Expansive sandy clay to sandy mud.
Angular blocky soil aggregates with
CaCO3 and Mn films on fracture faces,
common intersecting fractures with
slickensides. Common gypsum crystals
form 7-cm-thick bed near base. .

Buried Vertisol, muich zone at top.
Expansive sandy clay to sandy mud.
Larger cracks (2 cm wide) filled with
CaCOg-cemented sand form a crude
polygonal pattern. Angular blocky soil
aggregates with Mn films on fracture
faces, common intersecting tractures
with slickensides.

Silty sand, horizontally bedded.

Trough crossbedded medium sand,
common rhizoconcretions.

Planar and trough cross-bedded pebble
gravel (<5 cm long) and coarse sand.
Common upward-fining sequences.
Lithoclasts and armored mud balls
(black) up to 20 cm. Common igneous,
volcanic and metamorphic clasts.

Fine sand with mudstone lithoclasts
(black). No preserved sedimentary
structures.

For Hancock Formation
Interbedded clay and silt laminae. Mulch -

zone in upper 15 cm. Clay laminae with
desiccation cracks throughout.

Silty very fine sand with ripple cross-
lamination. Planar to horizontally
bedded sand and muddy sand. Rare
CaCO3 nodules and CaCOg films in
fractures.

QA 12122

Figure 19. Stratigraphic section of the Fort Hancock and Camp Rice Formations exposed along
Alamo Arroyo approximately 7 km (4. 4 mi) northeast of the Rio Grande. Note that nearly 14 m
(45 ft) of locally derived sand and gravel lithofacies underlie Camp Rice sand and gravel bearing
exotic igneous and metamorphic clasts derived from north of the Hueco Bolson. Arabic numerals
identify lithofacies of the Camp Rice Formation: 1, sand and gravel lithofacies (braided stream); 2,
sand and exotic gravel (braided axial stream); 5, clay, sandy clay, and gypsum lithofacies
(ephemeral lake or playa). Roman numerals identify lithofacies of the Fort Hancock Formation: III,
sandy mud, and sandy silt lithofacies (distal alluvial fan); IV, clay and sandy clay lithofacies |
(ephemeral lake). Elevation of the base of the section is approximately 1,155 m (3,790 ft).
Elevation of the top of the Fort Hancock Formation is approximately 1,159 m (3,800 ft).
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Figure 20. Block diagram showing interpreted depositional environments and lithofacies of the
Camp Rice Formation in the southern Hueco Bolson. Primary lithofacies are axial braided stream,
gravel-bearing tributaries to the axial stream, and local dune and lacustrine sediments.
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Figure 21. Scanning electron microscope image showing typical microstructure of smectite clays
from a buried Vertisol in Fort Hancock Formation. Bar is 10 pm. .
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Figure 22. Paleovertisol developed in sandy clay of the Fort Hancock Formation. Most inclined
fractures intersect. Fracture surfaces are slightly concave up and are covered with slickensides.
Mulch zoné extends from near the base of the scale to approximately 10 cm (4 inches) above the
scale. Near-vertical CaCOs nodules are present in the lower two-thirds of the exposed soil profile.
Top of the soil profile is the irregular surface, approximately 10 cm (4 inches) above the scale,
where these clayey sediments are overlain by fluvially deposited sandy silt.



Soil
Horizon  Characteristics

Sandy loam.

Erosion Surface

Sandy silty clay.

Desiccation cracks/nutty
structure filled by sandy loam
infiltrated from above. Cracks
up to 1.5 cm wide. Soil aggre-
gates form blocky prisms with
slickensides on some prism
faces.

Silty clay.

Large wedge-shaped aggregates

bounded by fractures with slicken-

sides. Flat to slightly concave-

' bCca - upward fractures with apparent dips
less than 30°. Few coarse verti-

cally elongate CaCO3 nodules near

) base of horizon.

Silty clay with few vertically
elongate CaCO3 nodules.

o) QA 12115

Figure 23. Model illustrating the vertical distribution of the characteristic soil structures of buried
Vertisols in clay and sandy clay lithofacies in the Fort Hancock Formation (IV) and Camp Rice
Formations (5). See Soil Survey Staff (1975) for discussions of soil horizon identifications.
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Figure 24. Surface exposure of a mulch or nut zone (commonly referred to as popcorn texture).
This surface soil texture is characteristic of clayey sediments with high shrink/swell properties such

as smectites. Pen is 14 cm (5. 5 inches) Iong.

86



Figure 25. Plan view of desiccation cracks in a block of moderate-gray Fort Hancock sandy clay
filled with light-gray sandy silt. The block of sediment 1s from a buried V ertisol, Fort Hancock
Formation. Pen is 14 ¢cm (5. 5 inches) long.
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Figure 26. CaCO;-cemented sandy silt fills desiccation cracks in a buried Vertisol developed in
sandy clay of the Fort Hancock Formation.



Fort Hancock

b

Figure 27. Slickensides on a blocky soil aggregate from a buried Vertisol

Formation.
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Figure 28. Large wedge-shaped soil aggregate bounded by slightly concave-up fracture surfaces
with slickensides. Fractures are in a buried Vertisol developed in the Fort Hancock Formation.

Scale is 10 cm (4 inches) long.
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Figure 29. Scanning electron microscope image of the edge (a) and surface (b) of slickensides
developed on a fragment of soil aggregate from a buried Vertisol, Fort Hancock Formation.
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- Table 1. Fort Hancock Formation lithologies and interpreted depositional environments.

~ ‘ Depositional
Lithofacies , ‘Sedimentary characteristics ' environments
‘I. Gravel o ‘Mostly flat-bedded, clast-supported, partly Proximal alluvial fan

imbricated, locally CaCOs-cemented pebble- - (McGowen and Groat,
to boulder-sized gravel. Locally nonstratified ~ 1971; Bull, 1972;
matrix-supported pebble- to boulder-sized Heward, 1978)

gravel. Crops out adjacent to mountain fronts :

and overlies Cretaceous bedrock.

II. Sand, sandy mud, Clast-supported, partly imbricated pebble- to =~ Medial alluvial fan
or sandy siltand  cobble-sized gravel interbedded with ’ :
gravel ~ crossbedded to horizontally laminated sand
and sandy mud. Common pedogenic CaCOj
nodules and filaments.

III. Sand, sandy mud, Common horizontal laminations and ripple Distal alluvial fan /fan
and sandy silt and climbing ripple cross-laminations. Rare delta - '
CaCOs nodules and filaments. Rare gravel-
sized clasts. Lower contacts commonly
upward-coarsening from underlying lacustrine
clay. Upper contacts typically sharp.

IV. Clay and sand clay Smectite-rich clay and sandy clay contain - Ephemeral lake
' many calcic paleovertisols. Sedimentary
structures commonly destroyed by
‘pedoturbation. Rare, locally preserved, mud-
cracked, thin horizontal laminated clay or
sandy clay. ' '

V. Clay, mud, sandy Massive to thin horizontally laminated Saline playa
 mud, and gypsum  smectite-rich clay, mud, and sandy mud. Rare
- desiccation cracks. Gypsum interbedded with
clay laminae or as beds of intergrowths of
crystals with mud or clay matrix or as isolated
crystals. '
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Table 2. Soil characteristics of modern Vertisols and paleovertisols of the Fort Hancock and Camp
Rice Formations, Hueco Bolson.

Vertisol characteristics

. Develop most commonly in smectite-rich
clay.

. Develop gilgai (surface microtopography).*

3. Develop deep, wide desiccation cracks

(21 cm wide at a depth of 50 cm) at
some time of year.*

. Develop mulch or nut zone at surface of
small angular (popcornlike) soil aggregates.*

. Slickensides on ped faces close enough to
intersect at some depth between 25 cm and
1 m.*

. Large wedge-shaped structural soil
aggregates, bounded by surfaces with
slickensides. Long axes dip between 10°
and 60°.*

. High bulk density and slow hydraulic
conductivity.

1

2.
3.

4.

5.

Paleovertisol characteristics
(Soil Survey Staff, 1975)

. Developed in smectite-rich lake clay.

Gilgai not recognized.

Common desiccation cracks to depths of
1 m. Cracks filled with fine sand or clay
soil aggregates.

Mulch zones commonly preserved as angular
clay aggregates separated by thin cracks
filled with fine sand. Mulch zones mark
former exposed surfaces.

Common blocky, angular peds (joint blocks)
bounded by fractures with slickensides.

. Common wedge-shaped structural soil

aggregates bounded by fractures with
slickensides. Long axes dip between 10°
and 60°.

. Density not determined. Hydraulic

conductivity is low (Scanlon and others,
1990).

* Vertisol characteristics 2 through 6 result from soil expansion and contraction caused by wetting

and desiccation.
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- Table 3. Camp Rice Formation lithofacies and interpreted depositional environments

Lithofacies characteristics

1. Sand and gravel

2. Sand and exotic
gravel

3. Sand

4. Coarse silt and very
fine sand

5. Clay, sandy clay, and
gypsum ‘

Sedimentary

Flat-bedded to ripple to trough cross-
stratified sand and gravel. Gravel limited to
lithoclasts and pedogenic CaCO; nodules
of Fort Hancock Formation. Low channel
depth-to-width ratios. Channel fills
commonly fine upward. |

Flat-bedded to ripple to trough cross-
stratified sand and gravel. Gravel contains
abundant igneous and metamorphic clasts

derived from outside of the Hueco Bolson. -

Well-sorted planar crossbedded medium
sand. A single 1-m- to 1.5-m-thick bed
rests unconformably on Fort Hancock
sediments. - |

Clayey to muddy, fine to very fine sand.
No preserved primary sedimentary
structures. Few to common CaCOj nodules
and filaments. Blocky to prismatic
fractures. Rare to common CaCO;-filled
root tubules. Buried illuvial B soil
horizons.

Smectite-rich clay and sandy clay with

calcic paleovertisols. Rare horizontally

laminated sand silt. Rare coarsely
crystalline gypsum. Sedimentary structures
destroyed by pedoturbation. '
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Depositional
environments

| Braided stream

(tributary to Rio
Grande)

Braided stream (Rio
Grande)

Eolian dune

Eolian loess

Ephemeral lake



