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ABSTRACT

The Hueco Bolson is a segment of the Rio Grande Rift, which formed as a result of late
Tertiary Basin and Range.defo’rmation. The upper Tertiary Fort Hancock Formation and the upper
Tertiary—Quaternary Czimp Rice Fofmaﬁon 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; (IIT) sand, sandy mud, and sandy silt; (IV) clay and sandy clay; and (V) clay,
mud, sandy mud, and gypsum. These lithofacies répresent the textural gradation from basin ‘
maigin to basin center of proximal to transitional to distal alluvial fans (lithofacies I through III) to
ephemeral lakes (IV) to saline playas (V). In céres from beneath the study area, these same
lithofacies are present in a 230-m-thick (700-ft) upward-fining sequence. The sequence records thes
lacuétr'me expansion that occurred over basin-margin alluvial fans as the basin filled.

The Fort Hancock Formation is separated from the overlying Camp Rice Formation by a
regional unconformity. The unconformity records a period of extensive erosion tﬁat marks the
integration of the ancestral southern and northern segments of the Rio Grande approximately
2.25Ma ago.}

Fluvial, lacustrine, and eolian sediments accumulated above the unconformity as the Camp
Rice Forniation. Five lithofacies also make up the Camp Rice Formation: (1) sand and loc.ally
deriveci gravel, which was deposited by tributaries to the Rio Grande; (2) sand and exon’c‘ gravel
(derived from north bf the study area), whi‘ch was deposited by a through-flowing stream, the Rio
Grande; (3) sand, which was deposited as la dune complex; (4) coarse silt and very fine sand,
which was deposited as loess, and (5) clay, sandy clay, and gypsum, which was deposited in
'ephemeral lakes with central playas. | |

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

environments. Numerous Stage [ and Stage II calcic soils are present in both Fort Hancock and



Camp Rice Formations, indicating that while these sedixﬁems were deposited thé climate was most
. likely arid to subhumid. CIayey and muddy facies with local prc;servation of bedded gypsum,
which are ihterpreted 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 expansion and Contractibn
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 upp;er Tertiary Fort Hancock Formation and the upper Tem'ary—Quateméry Camp Rice
Formation are exposéd in the Hueco Bolson! and u‘nderlie a po;ential low-level radioactiQe waste
disposal site located approximately 64 km (40 mi) south’eaét of El Paso, Texas, and approxirnateiy
18 km (11 mi) northeast of Fdrt Hancock, Texas (Collins and others, 1988) (figs.  1 and 2).
Irivcstigatibns of the Fort Hancock and Camp Rice Formations are part of a program funded by the
Texas Low-Level RadioactiVe'Waste.Disposal Authority (TLLRWDA) desigm:d to test the
feasibility of isolating low-le\?el nuclear waste in bolson sediments. Thése formations were studied‘
to reconstruct the environments of deposition and paleoclirhaﬁé conditions that'preva‘iléd in the
Hueco Bolson during the late Tertiary and early Quatemary' E@ochs and to provide a stratigraphic
framework for hydrogeologic studies. Buned soils in these formatlons belongmg to the Vertlsol

Order were described in detall because they provide i 1mportant ev1der1ce of deposmonal

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.”



environments and pale‘oclimatiq conditions, and because they have not been pféviously'described in

: the geologié'literanu'e. :
Geologic Setting
Tectonic History

The study area for this regional investigation of bolson sedﬁnents 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). Locélly the Permian Briggs Formation and other unnamed Permian strata, as
well as the Jurassic Malone Fofmation, are present. As a result of early Tertiary Laramide
deformation, these rocks were folded and thrusted northeastward toward the relatively undeformed
Diablo Plateau. Regional 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 tectonivsm: 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). | | '/

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 Quitfnan 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 de'e,‘per along -
its western and southwestern margin.. Basin subsidence continued info the Quaternary, as shown

by dip-slip displacement of Quaternary units along the Campo Grande fault (fig. 1) in the study
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area (Collins and Raney, in press), along the soutthstcm margin .Of the basin in Mg:xico‘

| (Muéhiberger and others, 1978), and in the Texas—New Mexico border area north of El Paso,
Texas (Ma;chette. 1987).k Much of the study area, including thé potehtia.l radioactive waste isolation
site, is underlain by a shallow subbasin of the Hueco Bolson. The subbasjn is separated froxﬁ the
ma.m Hueco Bolson‘ by a structural ridge, which' is c_xpressedjat the surface by ‘a northwest-

tren&ing series of Cretaceous bedrock outliers, including Campo Grande Mountain.
Physical and Genetic Stratigraphy

A variety of colluvial, fluvial, and lacustrine sediments partly fill bolsons that formo;d because
of Basin and Range deformaﬁén. These Tertiary—Quatemary,g sediments make up the Santa Fe
Group throughout much ‘of New Mexico and West Texas (f<:3r discussions of this unit, §ée Bryan, -
1938; Kottlowski, 1953; Baldwin, 1956; Hawley and omers:, 1969; Groat, 1972; and Gile and
others, 1981) (fig. 2). The Fort Hancock and Camp Rice Fox';rnations compose the middle and
upper Santach Group in the region of the study area.

The Fort Hancock and Camp Rice Formations were ﬁrét described and named by Strain
(1966) for outcrops in the Hueco Bolson along Madden and Camp Rice Arroyos near Fort
Hancock, Texas. Albritton ahd Smith (1965) described similar older and younger basin (bolson)
sediments from the southern third of the Hueco Bolson. Strgin (1966, 1971) interpreted the Fof_t
Hancock Formation as lacuAstrine. clay, silty clay, and crossbedded silt that were pefiodically
subaerially expdsed during periods of ar’idity. Calcic paleos&_?)ls also formed during periods of
eprsufe. Stuart and 'Willingham (1984) rccogniied both lacustrine 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 sandstone, were thought to have been
deposited at playa margins or on levees or ﬂobdplains, 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 margih. Riley (1984)
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- described a channel sand with very high-ahgle, large;scale crossbedding (epsilon crossbedding)
that led him to interpret that sandy facies in the type area of the Fort Hancock Formation were
deposited lay a meandering stream syétcm. Although Riley (1984, p. 25) attributed clayey facies in
the type section of the Fort Hancock to deposition by overbank flooding from a meandering
stream, he did not completely reject the possibility of deposition of the clayey facies by lacustrine
processes. Caliche nodules were récogxlizcd as evidence of subaerial exposure and the
development of paleosols (Riley, 1984). |

Strain (1966) described the Camp Rice Formation as fluvial sediments cohsisting mainly of
channel gravel deposited by a through-flowing stream and sand, silt, and clay deposited as alluvial
fans. Volcanic ash beds are preserved locally. Riley (1984) and Stuart and Willingham (1984)
suggested that Camp Rice Formation was deposited primarily by a braided stream carrying mostly
bed load. They did not distinguish between axial or 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 FQrmation as probably early
Pleistocene (Aftonian) in age on the basis of its vertebrate fauna. He thought that the lower part of
bthe Camp Rice Forrnaﬁbn, which also contains a Blancan vertebrate fauna, was Aftonian and that
the middle section, which contains an ash bed of the Pearlette family of volcanic ashes, was
Kansan.l Straljn (1966) did not speculate on the agevof 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 ago) (Van Eysinga, 1975; Tedford,
1981). The Pearlette ash reported by Strain (1966) is now recognized as the Huckleberxy‘Ridg_e
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'Ash of the famﬂy of Pearlette ashes and has been datéd at2.0 1 Ma (Gile and others, 1981; Ize&
and Wilcox, 1982). _ | | -
| Vanderhill (1586) obtained paleomagnetic data from the Fort Hancock and Camp Ri’c{:lc |
Formations in the Hueco Bolson and correlated these units with the geomagnetic time scale. He
suggested tﬁat most of the Fort Hancock and the lower Camp Rice was deposited during the late
Gauss epoch, and that the upper part of the Camp Rice was déposi_ted during the Matuyama epoch,
possibly during the Olduvai event. Consequently, the Fort Haﬁco_ck Formation is middle Pliocene
in age where it is exposed in the Hueco Bolson, a;nd the Camp Rice Formation is lat¢ 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 rahgés 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 Mountains 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 southeast where the Quitman Mountains join
the Sierra de la A.margosa but opens to the north into the Tulzirosa Basin of southern New Mexico.

Major events in the depositional history of the Hueco Bblsonv have been closely tied to its
physiographic evolution since tectonic initiation of the basin durmg the late Oligocene-Miocene.
S_ediméntation into a closed basin, but without the comributién of the nbrthéfn Rio Grande,
persisted throughout most of the earlier (Miocene) histofy‘ of _gthe basin and fs reflected in the lower
part of 2,500 m (8,250 ft) of sediments preserved ne;r the nQrthem 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 diséharged into thev

Hueco Bolson, but the basin remained internally drained, as indicated in the predominance of fine-
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gramed clastic S;dirrients near the basin center and coérscr clastics near the basin péribhery (Fort
Hancock Formation of Strain, 1966, Hawley and others, 1969, Riley, 1984, Stuarfand -
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 streams incised older sediments and déposited coarse sand and
| gravel, including “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 Boison reflect different depositional environments
and in part different sediment source areas, precisely how this change in depositional environment
came about is poorly understood. 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
frorﬁ lacusuiﬁe sedimentation in a closed basin to sedimentation by a through-flowing stream.
Strain (1971) suggested that thfough-ﬂowing drainage of the Hueco Boison developed as a result
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 dé Vaca did not overflow frequently until the holding 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 o'thers (1969) suggested that the change from lacustrine sedimentation to ﬂu‘vial‘
sed1mentatxon developed progresswely from the Palomas Basm on the north to the Hueco Bolson
von the south but that before integration w1th the lower Rio Grande system south of the qutman
Mountains, the upper Rio Grande fed large lakes in several basms in the border region of Texas
and New Mexico (Hueco, Mesﬂla., and Tularosa Bolsons = Lake Cabeza de Vaca of Stram [1971]
and the Red Light Bolson). The process whereby the lower Rio Grande system was mtegrated |
with upper Rio Grande drainage was not desct'ibed (Hawley and others, 1969). For additional

discussions, see Hawley (1975, 1981) and Gi_le and others (1981).

Although the Fort Hancock and Camp Rice Formations ;have filled most of the Hueco
Bolson, exposu:es of these two formations are restricted. Moj‘st 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
alohg arroyos that are incised through the Quaternary cover. ’fhese outcrops only rarely exceed
30m vertically, and total vertical exposure within'a ‘s‘ing‘le arroyo does not exceed 100 m. The |
nature of these exposures is suéh 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 paleosol development is common in the Fort Hancock and Camp Rice
Formations, and most authors mention the presence of calcic"i soils or caliches but do notdescribe '
soil charaoteﬁstics (Albritton and Smith, 1966; Strain, 1966; Hawley, 1969; Reeves, »1,969; Riley,
1984). Gustavson (1989a; b) described the widespread deve_;lopment of buried Vertisols in
smectite-rich clay facies of the Fort Hancock and Camp Rice Formations. Paleovertisol's‘ére

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, photographcd, 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 i_nches in diameter) and/or cuttings were recovered from 14 hydrologic and
stratigraphic test wells. Well locations dre shown on plate 1. Most wells were drilled to depths of
150 ft or less and penetrated Quaternary sand and gravel, the Camp Rice Fonhation where it is
present, and the upper Fort Hancock Fonnadoﬁ. 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 ;hiclcness, 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 unconformﬁbly overﬁes 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.g Ramey Gravels. B

| Five lithofacies were recognized in the Fort Hancock Fc?rmation: (I) gravel; (I) sand, sandy
'mud, or sandy silt and gravel; (II) sand, sandy mud, and sahdy silt; (IV) clay and sandy clay; and
W) clay, mud, Sandy mud, and gypsum (tablé 1).. Thesé lithofacies are interpreted to represent
primarily downgradient grain-siie changes from proximal alluvial fan to evaporati\{c playa lake.
~ Fort Hancock outcrops aré predominantly fine- gmmed (sand-sized and smaller) lithofacies;
exposures of coaxse-grained (gravel-bearing) lithofacies are hmlted tO Narrow Outcrops ai the basirf
margins and ét contacts with outliers of Cretaceous bedrock.! Howc;/er, 50 m (165 ft) of coarse-
grained facies were exarrﬁned in core. Gravel and finer grained lithofacies in the Fc;rt Hancock
Formation are similar to the basin-margin a.nd basin-center facies of Tertiary bolson deposits

described by Groat (1972) in the Présidio Bolson.
Gravel Lithofacies
Df;scription

Gravél ‘lith'ofacies 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 overlie Cretaceous strata and consist of approximafely 29 m (90 ft) of
matrix-supported cobble- to boulder-sized limestone gfaveUéonglomerzitc. Gravel is poorly

cemented with CaCOs. Clasts are pﬁmarily Cretaceous Finléy Limestone with a few pebbles of
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Cox Sandstone. Gfailel, which contains clasts as much as 22 ¢m (8.6 inches) long, is angular to
subrounded and imbricated at some depths. Matrix material is poorly soned; moderate-brown
(5YR 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 Fofrnau'on fnay 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 Hu;:co Bolson. These sediments, which are
poorly cemented by CaCOs, 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 expésed adjacent to Sierra de la Amargosa are similar to the proximal alluvial = -
fan facies of the Cambrian (?) Van Horn Sandstone described by McGowan and Grbat (1971) and
to the proximal incised-alluvial-fan chénncl—ﬁll facicé of the Cretaceous Todos Santos Formation
described by Blair (1987). Sedimentary characteristics similar to those described for the Fort
Hancock gravel lithofacies as well as for the Van Hom Sandstone are present in ﬂuvial facies of
modemn prdximal alluvial fans described by Bull (1972) and Bobthroyd and Ashley (1975).

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

or colluvial debris was an important constituent of these deposits. Nonstratified, poorly sorted,
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rhatrix-supported gfavels have also been described as debris-flow deposits (Bull, 1972; Reineck
and Singh, 1980).

- Gravel lithofacies of the Fort Hancock Formation COhsists of alluviurn and colluvium derived
from predominately Cretaceous strata at the Diéblo Plateau Es@arpfnem and from the Sierra de la
Amargosa and other mountain ranges in Mexico and depositedf as proximal alhivial fans. The |
coarse texture, poor sorting, and high degree of angularity of clasts, their position adjacent to
Sierra de la Amargosa and immediately overlying Cretaceous bcdrock suggest that these sediments
were transported for only short distances. Some of these coarse gravels are clast-supported,
imbricated, and horizontally bedded, which indicates fluvial tfansport by high-energy su'eéms.
Those gravels that are nonbedded and matrix supported were probably deposited by mass-wasting

processes.
~ Sand, Sandy Mud, or Sandy Silt and Gravel Lithofacies
Description

’The ﬁne-grained part of this lithofacies is composed of sediments that range in gram size
from muddy and silty sand to sandy silt and mud. To s1mp11fy the following description, these
various grain-size classifications are from time to time collectively called sand.

Interbedded sand and gravel lithofacies (table 1, lithofacies II) locally overlie gravel
lithofacies or Cretaceous bedrock in core of Fort Hancock se;iiments (figs. 3 and‘pl. 1). In
outcfop, seéﬁons of interbedded sandy mud or sandy silt and ;gravel lie basinward of prokirnal
alluvial fan gravels exposcd along the southwest margin of the Hueco Bolson. This hthofames'
consists of beds of gravel, which are similar to the prev1ously descnbed gravel lithofacies,
interstratified with beds of muddy sand, silty sand, sandy mud, or sandy silt. Channel marglhs
were not recqgnized in these sediments. Coarse sediments consist of hon’zémally bedded, mostly

clast-supported, locally imbricated pebble to small cobble limestone gravel. Fine-grained sediments
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are poorly sorted aﬁd-mdderate brown (10YR 4/4) to yellowish brown (10YR 5/4). ana.ry
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 the section (fig. 3,
pl. 1). CaCO; 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 reéognizablc primary sedimentary 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 result of debris-flows (gravels) and fluvial transport and deposition (sands).
The lack of recognizable sedimentary structures in some sections of the core is panIy due to its
narrow diameter (~6.4 cm [2.5 ihches]), 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 CaCOs3 and manganese oxide filaments
that appear to have formed along former root fraces), probably also destroyed original structures.

The sand, sandy mud, sandy silt, and gravel lithofacies are interpreted as medial alluvial fan
deposits, which fine ﬁpward 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 CaCO; noduleS and filaments, which are characteristic of the early sta‘ges of

development of calcic soils (Machette, 1985), suggests that this alluvial fan or plain was
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penodtcally a stable geomorphrc surface. CaCO; filaments and nodules indicate Stages Iand [I in
the development of a calcic soil and are the result of as much as several th0usand years of
pedogenesis in an arid to subhumid climate (Gile and others, 1396_6, 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,F:ort Hancock Formation is present in
- core (ﬁg 3,pl. 1) and in outcrop (figs. 5 through 9) This lithofacies (table 1, lithofacies III) is ‘
| bprobably equlvalent to the sand sandy mud, and sa.ndy silt beds descnbed as part of the mrdfan
lithofacies (table 1, hthofacres ). The pnmary differences are that this hthofacres contains no
gravel and is well exposed throughout the study area, and cha_nnnel geometry, sequences of

~ channel filling, and pnmary sedimentary‘ structures are abundant and well preserved.
Description

‘The sand sandy mud, and sandy silt lithofacies cOnsists of moderate;yellow-brown ;

(10YR 5/4) to pinkish to yellowrsh— gray (5YR-5Y 8/ 1) sand, sandy mud and sandy silt and less
commonly muddy sand or silty mud (figs. 3 and 5 through 8) Sedlments coarser than about
medium sand were observed only rarely in exposures of this umt Fine sand, sandy mud and
sandy silt are most commonly present as honzontal lammauons npple Cross- lammauons, or
npple -drift cross- larmnauons (fig. 9). In some sequences clay or mud drapes are present Gravel-
sized lithoclasts or armored mud balls of Fort Hancock Formatron sedrment are rare (The term» ’

' hthoclasts as used in thrs dlscusswn means a mechamcally formed and deposxted fragment of rock,

- usually claystone or mudstone, and is not hmrted to carbonate rock as deﬁned by Gary and others

: ‘[.1972]). However, sand-sized lithoclasts of Fort Hancock mudstone are common. CaCO;

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 ciays are typically sharp.
Contacts between this lithofacies and underlying clays and sandy clays are typica.lly gradaﬁonal 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. i). These units
are laterally very persistent, commonly extending for severalvhundred meters without signiﬁcant.

' 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 léterally 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 prescrved paleosols. Preservation of the
uppermost buried soil horizon indicates that significant erosion and channelization did not precedes
depositidn of ﬁﬁs lithofacies. |

The sand, sandy mud, and sandy silt lithofacies occurs as relatively thin laterally extensive
beds throughout most of the study area. Locally, however, near the axis of the Hueco Bolson, this
lithofacies fills channels with high deptthojwidth 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—ﬁllbsediments commonly fine upward
from sand with graveLsized 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. v

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. e o |

 Interpretation

7 The sand, sandy mud, and sandy silt hthofac1es of the Fort Hancock Formauon is »
charactenzed throughout most of the ; area by thm laterally extensxve sand, mud, and silt beds with a
few preserved channels havin g low depth to-w1dth ranos Honzontal strauficatron and dune and
ripple cross-stranﬁcauon are the most commonly preserved sedlrnentary structures. Preserved clay
drapes indicate that standmg water was present locally after water flow ceased. Contacts with |
}underlymg clay beds are most commonly gradanonal and coarsemng upward mdrcatmg that
sands, muds, and silts prograded onto playa lake mudﬂats Collecuvely, these features suggest that '
the sand, sandy mud, and sandy silt hthofac1es was deposrted by shallow brarded streams or
sheetfloods that covered the very low slopmg parts of a dlstal a.lluvral fan or fan delta These strata . :

are sxrmlar to dlstal alluv1a1 fan fa01es of the Van Hom Sandstone described by McGowen and

o Groat (1971), to the dxstal alluv1al fan facies of the Stephaman coalﬁelds descnbed by Heward

(1978), and in part to distal sheetﬂood depos1ts of the Todos Santos Formatron descnbed by Bla1r
; (1987). In many respects this hthofac1es is also comparable to the rnodern Gum ,Hollow fan del_ta ‘
described by McGOwen (1971) and to other fan deltas descrlhed by Sneh (l979)_~and Mc'Pherson

 and others (1987). . o | -

Fossil root traces, although only rarely preserved in;the form of rhizocretions, suggest that .
these alluvial surfaces were at least partly vegetated. The signiﬁcance of CaCO; nodules in these
 strata is difficult to assess. Nodules a_re rare and‘ are mostly preserveda_t the contact between sandy
or silty facies and underlying mudstdnes; thus these noduleS;may hav_e been deposited by shallow
ground water instead of hy pedogenicproc‘esse‘s Well-preServed'sedimentary structures the |
general lack of 5011 carbonate, and lack of evidence of blologlcal activity suggest that the sand,

sandy rnud, and sandy silt hthofacws was deposxted relanvely rapidly.
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The sand, sandy ‘mud, and sandy silt lithofacies also fills channeis with relatively high depth-
to-width channels. Epsilon cross-stratification is preserved in some of ;hese channel fills,
illustrating the former positions of laterally trﬁgtating point bars of rheandeﬁng streams. Channel
fills with upward-fining grain size and an upward decrease in the scale of sedimentary structures
also indicate that these sgdiments were deposited by meandering streams (Bernard and others,
1970; Puigdefabregas, 1973; Jackson, 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 from alluvial fan sedimentation to sedimentation filling
channel forms having very low depth-to-width ratios or as shec‘tﬂows. High depth-to-width
channels contain locally derived gravel-sized lithoclasts of older Fort Hancock strata. Because
these channels apparently contain only locally derived sediment, they probably drained only local
zireas within the Hueco Bolson. Channel fills are also overlain by ephemeral lake sediments (see
p. 25) (figs. 7 and 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 presence 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 lowering of base level: evaporation and tectonism. The
southern end of the Hueco Bolson was occupied by playa lakes in which meter-thick sequences of
laminated mud and silt and decimeter-thick beds 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 alle erosion of 5-m-déep
(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 toes of distal alluvial fans and saline playa lakes
that recently contracted Because of evaporation m noxihefn Africa (Smith, 1968, his fig. 17), Iran

(Krinsley, 1970, his fig. 104), and California (Handford, 1982, his fig. 5).
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Faulting cétlld also have affected base level within the Hueco Bolson. The axial part of the
Hueco Bolson lies within a fault-bouﬁded graben that has experienced Quaternary faulting (Kreitler
and others, 1986; Collins and Raney, i/n. press). Furtherr_nore; feﬂcction seismic data indicate that
Fort Hahcock‘s‘,trata have been affected by faulting between the basin center and the Campo Grande
fault (J. A. Raney, personal communication, 1989). Normal.faulting contemporaneous with basin
filling couid have lowered the local base level by 5 m (17 ft) aﬁd allowed incision of parts of the
lake floor. - ‘ |

Clay and Sandy Clay Lithofécies
Description

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

_ Thé clay and sandy clay lithofacies are very persistent flaterally and do not occur as channel
fills. Beds of this lithofacies generally do not exceed about 3 m (10 ft) in thickness. Contacts
bet§veen clay beds and overlying sand and silt beds are mostly gradational and coarsen upward.
Contacts between clay beds and underlying sand and silt béds are mostly sharp.

Clay aI‘1‘d sandy clay lithofacies commonly do not preserve primary sedimentary structures. Inv
a féw éreas, how_ever, horizontal laminations were preserved where they were not destroyed by |

pedogenesis or multiple episodes of desiccation and wettin;g, 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 préserve numerous deep desiccation cracks
and pedogenic calciﬁm carbonate nodules. Desiccation cracks are common and occur throughout »
clay and sandy clay units, Desiccation cracks are commonly filled with sand or silt and may reach
-1 mindepth and more than 1 cm in width.

Paleosols belonging to the Vertisol soil group arc 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 Vértisol soil profiles and to tﬁe development of
pédogenic CaCOj3 nodules as well as mhltipie épisodes 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 lithofacies, the presence of thin horizontal laminations in
sections unaffected by pedogenesis, and its wide areal distriﬁution éollcctively 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 laterélly consistent thickness of these units indicate that these lakes
covered much of the basin floor throughout at least the southern half of thé Hueco Bolson.

Smectite c}lay makes up a high percentage 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 thai periodically lake-floor sedirnénts dried oixt (Demicco and Kordesch, 1986).

- More important, one or more buried Vertisol soil profiles are present in most élay and sandy clay
units. Vertisols typically develop in expansive clay and sandy clay as a result of num-erous
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 ina broa;d,v shallovv ephemeral-lake near the
axial part of the Hueco Bolson. Similar strata were observed-by Demicco and Kordesh (1986) in
 the Lower Jumssrc East Berlin Formation and were mterpreted to be the product of dry playa
mudflat aggradauon in conjunction with rapid expansron and contracuon of perenmal lakes in a -
sermand chmate Hubert and Hyde (1982) mterpreted sumlar strata from the Upper Tnass1c |
Blomidon redbeds as playa sed1ments that accumulated under sennand condmons -
Deposmon of clay and sandy clay lacustnne sediments and soil formauon probably occurred
‘nearly concurrently Thin laminae were deposrted dunng each ﬂood event. As the lake dried out,
these sedlments desrccated and cracked This process was repeated many times as lake sediments
'accumulated Muluple episodes of desrccauon and expansion slowly destroyed lacustnne ‘
sedlmentary structures and initiated sorl development. o
| Pedogemc CaCO; nodules, Wthh 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
_(1'981) and Machette (1985) have shown that development of ’iStage Iand I t:alcic solls takes
: several hundred to at most a few thousand years In a crude fashron paleosol development in clay
| and sandy clay lithofacies md1cates a mrmmum ume interval durm g whrch deposmon and

- pedogenesis was active.
Clay, Mud, Sandy Mud, and Gjypvsurn Lithofacies o
Descn'ption

: The interbedded clay, mud sandy mud and gypsum hthofacres was observed only at the B
southeastem end of the Hueco Bolson, in the southeastern part of the study area in exposures
between the Quitman Mountams and the Rro Grande (ﬁgs 13 through 15) Clay strata of thrs
' ’hthofacres are similar in texture, mineralogy, and color to clay described in the clay and sandy .clay

lithofacies. However, clay and mud beds in this part of the Plueco Bolson are commonly larrﬁnated
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and rhythmically interbedded with laminaﬁon§ of fine silt. Beds of ciay and mud as much as 2 m
(6.6 ft) thick without recognizable 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.

Gypsum is present as beds of intergrowt.hs'of crystals and as small (> 0.2 cm [>0.1 vinéh] in
length), isolated crystals disseminated in clay or mud. Transparent euhedral gypsum (selenite)
crystals as lo:ig 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} intermitteﬁtly in the axial part of the Hueco Bolson. Laminated clays
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 deeper parts of the basin
from desiccafmg, 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 seﬁiments filling the
Presidio Bolson. | |

Bédded gypsum was deposited as Ca™, and SO;™ ions in lake water and 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 dpland areas surrounding
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the basin evaporate above the water tablé, and the gypsum playa surface acts as a broad ground-

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

Cretaceous limestones and sandstones, which make up the bulk of strata exposed in the basin
margiﬁs, were the source of sahds and limestone gravels that accumulated along the flanks of the
Hueco Bolson. Clay-sized sediments in the southern Hueco Bolson make up a large part of the
total thickness of bolson fill. Limestones exposed along the flanks of the basin, however, were
probab‘iy not major sources of clays and other fine-grained fsedimen;. Thus, a substantial part of the
lacustrine sediments in thé study area had source areas outs}idc the southern part of the Hueco
Bolson. Perhaps more important, the widespread lakes intd which these sediments were deposited
probably required more water 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 vl'akes that occupicd the
axial part of the Hueco Bolson were derived from farther nbrth in the draihage basin of the
northcr‘n ancestral Rio Grandé. The northern ancestral Rio Grande drainage was established in
central and southern New Mexico by about 4 to 3 Ma ago (Bachman and Mehnert, 1978; Seager

and others, 1984).
Paleoclimaté

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 Formation. Formation of facies tracks that include alluvial fans, widespread

ephemeral lakes, and lakes with local eVaporating pans in which gypsum was precipitated probably
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required an arid-to Semiarid climate. Widespread devéloprnent of Vertisols with preserved dcép
desiccation crécks, mulch or nut' zones and pédogcnic CaCO; nodulés also suggést a subhumid to
arid climate, Collectively, this evidence indicates thét the climatic conditions that prevailed during
the late Pliocene as the Fort Hancock Forrﬁation was being deposited were relatively dry and could

" have ranged from arid to subhumid. |

On the basis of macrofossil ahd 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 apbear until 10 to 8 Ka ago. The
biologic and geologic evidence of climatic conditions are nbt 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 transported to the Hueco Bolson during the late Pliocene (4 Ma to_2.-25 Ma ago)?
Unfortunately, no data are available for the direct reconstruction of rates of sedimentation or

| lacustrine flooding in the Hueco Bolson during the late Tertiary. Sorhe insight into these issues can
be obtained, however, by examining»discharge and solute load data for the Rio Grande
(International Boundary ahd Water Commission, United States and Mexico, 1975). Although the
Hueco Bolson was a éloscd basin during the time that at least the ﬁpper Fort Hancock Forrhatioh
was being dcpbsited, it was the reservoir into which the northern ancestral Rio Grande discharged
in early to middle Pliocene time. During this same time period, fluvial systems occupied upstream
basiné (Mesilla, Palomas, and San Marcial) (Lozinsky and Hawley, _1986; Lucas and Oaks, 1986;

and Repenning and May, 1986).

23



River diieharge'is closely tied to rainfall. Sixty to seventy pefcent 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 Boundary and

‘Water Commission, United States and Mexico, 1975). Precipitation during the summer months is
mostly the result of convective storms and is rapid. and intense. Pliocene climate was apparently
semiarid to subhumid, suggesting that precipitation was somewhat more plentiful than at present.

Modern dlscharge of the Rio Grande at El Paso, Texas, which averages 374, 000 ac-ft/a, has
been radically re_duced because of upstream diversion of water for irrigation, storage of water in
.upstream reservoirs, loss of water stored in reservoirs to evaporation, and loss of water to
phreatophytes. Discharge of the Rio Grande below Caballo Dam, New Mexico, which is 170 km
(106 mi) upstream from El Paso, averaged 627,495 ac-ft/a between 1938 and 1975 and reached a -
maxirfmm of 1,795,670 ac-ft/a (19_42). An annual discharge of 1,800,000 ac-ft would have filled a _

‘lake basin in Hueco Bolson that was 160 km (100 mi) long and 16 km (10 mi) wide to an 'averag;e
depth of 8‘5‘cm (2.8 ft). The average anaual rainfall (25 cxﬂ [10 inches] 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 calculatione ignore substantial water loss because
of evaporation and cﬁmatic variations during the late Tertiary, they serve to illustrate thatin a
closed basin such as the Hueco Bolson, large ephemeral lakes could have existed seasonally as a
result of discharge into the basin that was comparable to dijscharge 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 (48,000 tohs) of dissolved calcium and 1.3 x 103_8 kg (144,000 btons) of dissolvedv 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 pfod_uced as lake waters evaporated; Assuming a density of

2,300 kg/m?, the annual solute load of the Rio Grande will produce 111,000 m? of gypsum, which
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is equivalent to a 1<cm-thick layer of gypsum coverihg 11 km? (4.3 mi?). This discussion ignores
any solute contribution f;om ground-water discha!fge into the basin and ignofes the probability that
sbme calcium or sulfate would g0 to form other minerals if evaporation was carried to dryncss. |
Nevertheless, the volumes of gypsum beds observed 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 clay-sized 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 rafes
- for fine silt and clay cannot be estimated. o |

These discussions of sedimentation and discharge rates conservatively demonstrate that the

lake that episodically cbvered parts of the ﬂoor of the Hueco Bolson and the gypsum deposits
within this lake could have been produced by the ance_:stral northern Rio Grande if it carried an

annual discharge and solute load equivalent to that of the preser{t-day Rio Grande.
Depositional History

The block diagram in figure 16 illustrates the interpreted geology and geomorphology of a
segment of the 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 bthers
(1988). | |

Strata deposited in the subbasin illustrated in figure 16 represents a single more-or-less
continuous episode of lacustrine ekpansion 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 through IIT) were derived from the Diablo Plateau and othe: highlands along the

margins of the Hueco Bolson. The relatively low elevation of these highlands and the relatively
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 small area that could have contributed sedlment and runoff to the streams that supphed these fans
allowed only slow rates of growth. e
The southern part of the Hueco Bolson recelved runoff and sediment from the northern

. 1 ancestral Rio Grande dunng the late Tertiary. Deposmon of ﬁne-gramed lacustrine facres (clay and
sandy clay and clay, mud, sandy mud, and gypsum lxthofacxes) in ephemeral 1akes in the basin
center resulted ina nsmg base level Accretion of fan sedtment was exceeded by the rate of
accretion of fine-grained ephemexal lake sedrments allowmg lacustnne expansron to occur
Deposition also exceeded rates of tectonic sub51dence in the basm or the extensive subbasm o
beneath the study area would not have ﬁlled wrth lake sedlments v |

o As sednnentauon proceeded a broad, flat, lacustrine plam forrned Lacustnne sedxments B
vvhlch have a h1gh smecute clay content, were subJected to rnany episodes of swelling and |
. shrmkmg as a result of prec1p1tat10n or floodmg and deswcauon Vemsol soﬂ profiles formed
because of the high clay content and numerous shrink-swell eplsodes The lacustrine plain, wh1ch
was apparently nearly planar and honzontal, was penodrcally ﬂooded, adding a thin (millimeters to
a few centimeters) new layer of fine ‘sedi'rnent. As lake waters evaporated; sediments desiccated.
Repeated epiSodes. ot‘ desiccation ultimately resulted in the dest?ruction of most prirnary sedirnentary |
structures in clayey lacustrine lithofacies. In this fashion sections of clay-rich sediments aggraded
' without preserved sedimentary structures. Concurrent evaporauon of lake waters at the |
southeastern end of the Hueco Bolson produced brines from which gypsum was deposited. The
honzontahty and lateral conunmty of muddy lithofacies, preserved remnants of lammated clays
muds, and silts in outcrop and core, and _abundant evidence of clay ,and_mud de51ccat10n all suggest
that the southern part of the Hueco Bolson was occupied by a large e’phem'eral lake While the upper |
Fort Hancock Forrnation was being deposited. |

Sand, sandy mud, and sandy silt deposited by v'shalljow bjfaided streams‘as sheet sandsandvin

- very low deptlt-tofwidth-ratio channels are interbedded with clayey 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. Additionally,
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some fine sandy_ gaéies may have been derived from alluvial plains‘bililding ﬂscuthward from the
northern end of the Hueco Bolsdn (Stuart and Willingham, 1984). When lake waters were high,
these alluvial bcdies were probably fan deltas. As the bolson filled in the: presence of ephemeral |
lakes, avulsion and lateral shifting of distributaries cm fans or alluvial plains along the margins of
~ the bolson resulted in the interbedding of lacustrine and fluvial lithofacies. | _
Gravel and interbedded gravel arld sand lithofacies were »deposit\ed by flashy, intermittent
braided streams on the proximal and medial parts of alluvial fans.

FORT HANCOCK-CAMP RICE UNCONFORMITY AND THE INTEGRATION |
OFRIO GRANDE DRAINAGE

A significant part of the .late Cenoioic hrstory of the Hueco Bolson can be deduced from
examining the unconformity that Separates the Fort Hanccck Formatidn from the overlyingJCamp'
Rice Formation. ThlS unconformity marks the change from low-energy, predommantly lacusmne
deposition to hlgh-energy, predommantly fluvial deposmon It also records a period of 51gn1ﬁcant
erosion along the axis of the bolson that occurred as the ancestral southem Rio Grande was

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

“The unconformity that separates the Fort Hancock and Camp Rice Formations in the southem
Hueco bolson was first recogmzed by Albntton and Smith (1965) and Strain (1966) Hawley and
others (1969), Rlley (1984), and Stuart and Willingham (1984) recognized the unconformity but
did not describe it; Vanderhill (1986, p.i 248) described tkre contact between the Camp Rice and

' Fort Hancock in the southern Hueco Bolson as “simply the base of the first sar'rdy channel,v_ not a

regional disconfonnity.” ’
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Early interpretations of the drainage path of the northem ancestral Rlo Grande had the river
mschargmg into a series of lakes near Laguna Guzman and Laguna de Santa Maria in Bolson de
los Muertos in northern Chlhuahua, Mexico, but not into thej Hueco Bolson (Lee, 1907; Bryan,
1938; Kottlowski, 1958). Strain’(196_'6) proposed that durmg[ periods of maximum precipitation the
separate basins of the Mgsilla Bolson, Hueco Bolson, and Bcj)lson de los Muertos flooded and

‘overflowed to form an integrated network of waters he named Lake Cabeza de Vaca. “Huge
quantities of clay and silt, which originated to the north in Ngw Mexico and Colorado, settled in
the lakes to form well bedded deposits which abutted agains:t the surrounding mountains” (Suain,
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 th¢ base level of ’wa,ters in the Hueco
Bolson was approximately 1,182 m (3,900 ft):where the Quitrnan Mountains extended across the.
present Rio Grande Valley. The hizhest exposures of Fort ﬁancock 1a¢ustrine sediments in the
southern Hueco Bolson are ¢onsistently about 1,234 m (4,050 ft). However, these exposures are
truncated by erosional surfaces overlain by the Madden Gra\j/el, and it is clear that the Fort

| Hancock Formatioﬁ originally extended tolhighcr elevau'ohsl. Therefore, it seems probable that Fort

'Hancock lacustrine sedimentation (Lake Cabeza de Vaca) ejctended above 1,234 m (4,050 ft) and »

- that the base level at the Quiuﬁan 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
Hancock Formation wefe laid down on a ngarly horizontal ephemeral lake floor and aggraded to a
level in excess of 1,234 m (4;050 ft). Differences in el‘evatifén of the lake bottom depositional
surface across the bolson were probably only a few meters.; Comparisoﬁ of the elevation of thé
eroded upper lirhit of the Foft Hancock Formation with the lowest avéilable devatibn for the
erosional contact between the Fort Hancock Formation and the overlying Camp Rice Formation
yields an estimate of the minimum amount of erosion that Qccmed 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 ﬁ'om ab‘out 1,158 m (3,800 ft) in Alamo Arroyo to about 1,111 m (3,645 ft) in
Quitman Arroyo at the southeastem or“downgrad‘ie'nt end of the Hueco Boléon; These 'eprsufes »
lie along the noriheést flank of the bolson, and depth of incision could have be‘enbgreater near the
center of the bolson. Although faulting has down-drdpped the unconformity by about 28 m (92 fr)
near Alamo Arroyo (FCollins 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 rélief on the unconformity that separates the Fort Hancoék
Formation from the Camp Rice Formation along 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 Vbcneath the TLLRWDA site, relief on the unconformity is about 30 m (100 ft)
(pl. 1). Clearly, the Fort Hancoék Formation was eroded to an approximate maximum depth of -
130 m (430 ft) before deposition of the Camp ﬁice Foﬁnaﬁon began.
| The elevation of the unconformity between the Fort Hancock and Camp Rice Formations is ¢
known from exposures in arroyos that drain the northeast flank of the Hueco Bolson. Ori 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 élevation of
the unconformity at Alamo Arroyo, however, may have been dropped by approximately 28 m
(92 ft) due to faulting. The distance between Alamo and Quitman An;oyos is»about 49 km (31 mi).
As determined from these data, the unConfo’rmirf slopes about 1 m/km between Alafnb and |
Quitman Arroyos if an elevation of 1,158 m is used, or the unconformity slopes about 1.5 mykm if
the elevation is corrected for possible fault movement. |
Boothroyd and Ashley (1975) and Church and Gilbert (1975) both showed that clast size »is
roughly proportional to surface slopeb for lafge glacial oxitwash fans. Although relationships |
between sl_ope and clast size are v§ry imprecise, a slope of approximately 1 m/km to 1.5 m/km iS

associated with sand-sized material and pebbles with a long axis of as much as 2 cm (0.8 inch) -
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(Boothroyd and 'A’shley, ‘1975, their figs. 8 and 9). This is approximately the size distribution of
~ sediments in the Camp Rice Formation, mostly sand with a fgw small pébbles, that overlie the
unconformity. These relations suggest that, where the mconfornﬁty is exposed in the southern part
of the Hueco Bolson, the slope of the unconformity is comparable \;vith slopcs required to transport
sand and gravel of the overlying Camp Rice Formation. |

The erosional unconformity at the top of the Fort Hancock Formation is the earliest and mdst
compelling evidence of the integratioh of the ancestral northejm Rio Grande to the ancestral
southern Rio Grande. Relief on the unconformity, which ‘prc{)bably 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 atithe southern end of the bolsén by
waters of the playa lake that occupied the basin or because of headward erosion of the southern
ancestral Rio Grande (Strain, 1966; Reeves, 1969). Breachmg 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 prbccsses played arole in the inteygration of the
Rio Grande The role of faulting is also unknown, but it is p0551b1e that seismicity played a part in
the early breachmg of the Quitman bamer | |

In order to bnng the northern Rio Grande i.ntc‘> grade With the southern Rio Grande and to
provide the slope necessary to transport a coarse sediment lbad, the Hueco Bolson was deeply
incised. Only after the integrated Rio Grande system increased the stream gradient thrbugh the
Hueco Bolson by erosion was there sufficient flow velocny in the Rio Grande to transport coarse
sand and gravel. The unconformity represents a consxderable period of time during whxch the Rio

Grande adjusted its slope to carry available discharge and sediment by incising the Fort Hancock

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

The Camp Rice Formation, which overlies 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 Boeilstbrff and Glenn Izett in thc early 1970’s, estimates of the ﬁge 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
Pearlette 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 éarly to middle Pleistocene (Su'ain, 1966; Hawley, 1969; Hawley .
and others, 1969; Reeves, 1969). Stuart and Wﬂlingham’( 1984) and Taylor (1987) agreed that the :
integration of Rio Grande drainages was a middle Pleistocene eventvbut_ offered no supporting
evidence. Recognizing the correct age of the ash hé.s allowed a more accurate estimate of the timing
of the integration of Rio Grande drainége.

The northern ancestral Rio Grande became a through-flowing system in northern New
Mekico 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 sbuthern ancestral Rio Grande drainage
systems is unknown; however, some inference regarding age can be made. The lower Camp Rice :
Formation contajns a lens of the Hucklebefry Ridge Ash, _v_vhiéh Izett énd Wilcox (1982) cqrrelated
using trace element chemistry with ash from an eruption that occﬁrred in the Yellowstone N gtiqnal
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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sedtments, approxnnately 46 m (150 ft) of Camp Rice strata4were deposned between the nme that
'dra.mage integration occurred and deposition of the Huckleberry Ridge Ash. o
Upper Fort Hancock strata contain a Blancan Land Mamma.l Age Fauna (Hudspeth Local

Fauna) (Strain, 1966) thus, these strata are less than 4.5 Ma old (T edford 1981; Repenning and
May, 1986). Recently, Vanderhill (1986) suggested that the upper Fort Hancock strata at the type
section of the formation were nearly 2.48 Ma old and p0551bly as old as 3.4 Ma on the basis of
paleornagnetic and paleontologic evidence. 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 sedlments
) whxch are typlcally present to an elevation of 1,234 m (4, 050 ft), were eroded prior to deposmon

‘of the Camp Rice Formation. These stratigraphic and geomorphlc arguments indicate that the
| construction of the regional unconformity between the Camp Rice and Fort Hancock Formations
and integration of the northern and southern segments 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 TertiaryQuatemary Camp Rice Forrnatioh unconformably overlies the Fort
Hancock Formation 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 sedrments’ were
recognized in-exposures in Alamo Arroyo west of the TLLRWDA 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 ‘grav_els derived from Tertiary intrusive rocks, Cretaceous
lirnestones and sandstones, and older rocks exposed at the margins of the Hueco Bolson (see
Albritton and Smith, 1965, for description of these units).é'

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

(table 3). Collectively, these lithofacies represent deposition by axial streams ﬂowing‘through_ the

32



Hueco Bolson (ﬁﬂlﬁfacies 2), by streams draining the margins of the bolson (lithofacies 1), by
eolian procésscs (lithofacies ‘3 and‘4), and in éphemcral lakes (lithofacies 5). Thé Ca.mp Rice
Formation, which has been mostly attributed to fluvial sedimentatibh (for example, Strain, 1966,
and Stuart and Willingham, 1984), represents a far more 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
CaCOs nodules and numerous mudstone lithoclasts deﬁved 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. C&COg lithoclasts db
not exceed 3 cm (1.2 inches) in diameter. Grﬁvel—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 hbrizontal bedding, reflecting multiple episodes of channel cutting and N
channel filling by migrating bars, dunes, and ripples (figs. 7, 17, and 19). Bases of channels are
commonly marked by 'accumulatio_ns of moderate-brown gravel-sized mud and clay lithoclasts.
Channel fills commonly 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 7
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 interbedded 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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Rxo Grande dra.mage nonh of the study area. This facies is conﬁned to the axial part of the Hueco
Bolson (fig 1).

Gravels are mostly horizontally bedded to planar to trough crossbedded. Sands are
horizontally to planar crossbeddcd or ripple cross-laminated. I'n’ some sections;seqﬁences that fine

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

Sand and exotic gravel lithofacies were probably debosited by braided, possibly intenﬁittcnt
streams. These gravelly and sandy faci‘es are sifnilar to Recent braided fluvial deposits described by
Williams and Rust (1969), M1a11 (1977), and Cant and Walker (1978). Exotic gravel, whicﬁ was
derived frbm north of the study area and probably largely outside of the Hﬁeco Bolson, indicates
- that these sediments were laid down by thé through-flowing ancestral Rio Grande along the axis of :
the Hueco Bolson (Albritton and Smith, 1965; Strain, 1966). »

Sand and exétié gravel deposits aré 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, approximately 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 medium sand is exposed over a '
distance of about 1 km (0.63 mi) at the base of the Camp Rice Formation (table 3, lithofacies 3).

Transport direction was to the south southeast.
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Interpretation

The well-sorted texture of these sediments, the bed thickness, the grain size, the sedirnehtary
structure, and the consisteﬁt 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 pre'sérved in this lithofacies. Five cyclés of sedimentation and soil development are
present. Each cycle consjsts of very pale orange (10YR 8/2), very fine sand with rare to common
CaCOj; nodules overlain by light-brown (SYR 5/6—4/6), angular, blocky to prisnﬁatic-fracturing
muddy sand with common CaCO; 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 CaCO; nodules and lack primary sedimentary

structures.
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Interpretation

Each cycle of very pale orange fine sand to light-brown muddy sand apparently réprescnts an
episode of eolian loess scdimentat_io‘n 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 CaCO,
content. [lluvial clay horizons as well as the CaCOs nodules developed during periods of landscape
stability. The stacked paleosols show no evidence of erosion between cycles of soil development,
even thdugh there are no recognizable A hbrizons. Downward-branching CaCOj;-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 CaCO nodules requires long periods of
landscape stability, during which pedogenic processes would have a chance to operate. Pedogenic d
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. nyberger 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, CaCO;-cemented root tubules, and lack of
primary sedimentary structures in these sediments are similar to eolian loess sections of the
Miocene-Plioceéne 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, andy clay, and . gypsum lithofacies of the Camp Rice Formauon is exposed by
incision of Alamo An'oyo and its tnbutanes over much of the area north of Alamo Reservoxr No.3 -
and south of Cavette Lake (fig. 19, 23 to 29 m; table 3, lithofacies 5). These strata, which overlie
fluvial sand and gravel of the Camp Rice Formation that contain exotic gravel, are very similar to
| the clay and sandy clay and sand, sandy mud, and sandy silt liihofacics of the Fort Hancock

Formation (see descriptions of sand, sandy silt, and sandy mucl lithofacies and clay and }sandy clay
lithofacies of the Fort Hancock Formation for dctails). Similan texture, color, and shrink-swell
properties suggest that Camp Rice clays also contain a high pciccnmge of smectite clay. Sandy silt ¥
composes a single thin, horiiontally bedded unit. The clay, sandy clay, and gypsum lithofacies
‘lacks primary sedimentary structures wlxcrc it was"obserVCd inf the Camp Rice Formation.
However, a single;’horizomal, nearly 7-cm-thick (2.5-inch) bcd of coarsely crystallinc gypsum is
| prescnt approximately 2 m (6.6 ft) above the base of this unit E(ﬁg.r 19, at 24.5 m). Several buﬁed
Vertisol soil p_roﬁICS (see section on paleovertisols and table 2) are prcsent and identify a'planar ‘
-nearly horizontal Stratigraphy exposcd over distances of several kilometers. Vcrtisols dcvclop asa
result of numeious cpisodes of SWelling and shrinking following periods of rainfall or flooding
and drymg Small gypsurn crystals (<5 cm [2 inches] long) and pedogcmc CaCO; nodules are

'scattcrcd throughout certain zones of these Vertisols.
| Interpretation

The similarities in color, texture, stratigraphy, and pedogemc characteristics between clay and

- sandy clay hthofacws of the Camp Rice Formation and the Fort Hancock Formation strongly
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suggest that hke the clay and sandy clay hthofacres of the Fort Hancock Formauon the clay and

sandy clay hthofactes of the Camp R1ce Formauon were deposrted in epherneral lakes. The thm =

- gypsum bed suggests that tlus basin also held a salme playa fora bnef trme

o Depositional History =

The Camp Rice Formation 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-thrdugh-

, ﬂowmg stream, the ancestral Rro Grande The presence of mud balls, a broad shallow channel
coarse sedrment texture, and common large-scale trough cross-strauﬁcauon suggest that these -
sediments were deposxted by a braided stream. A second sand and gravel hthofacres contammg

- numerous hthoclasts locally denved from the Fort Hancock Formanon and exposed mostly along- ~

) the margms of the Hueco Bolson was probably deposrted by short tnbutanes of the ancestral Rio -

Grande These deposits, whlch are charactenzed by broad shallow channels, few clay or mud

drapes, common large -scale trough crossbeds, coarse sedlment texture, and abundant hthoclasts

and mud balls, were deposrted by mterrmttent braxded streams R

than sedrments in the form of locally preserved dune sand and loess were deposrted
between sites of ﬂuvxal sedlmentauon Loess sednnentauon was prevalent locally in areas protected
from ﬂuvral erosron and sedxmentauon Interrmttent streams, Wthh hkely deposrted the sand and
gravel lithofacies, would have provrded a local source of eolian sedrment

Ephemeral lakes developed locally in areas that were affected by neither fluvial deposmon nor

- erosion. Whether these lake basins developed as a result of locahzed tectonic subsrdence,

: dtfferentral compactron of underlymg sedtments or by some other process is unknown Sedrments

|
deposrted in ephemeral lakes were subjected to perrod1c desrccatlon whrch destroyed most

sedimentary structures. Slow sedrmentatton in the stable lake basrn allowed Verusols to form
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Paleoclimate

As in the Fort Hzincock Formation during the early Pliocene, the pa1¢oc_lixnati¢ conditions that
prevailed in the Hueco Bolson during the late Pliocene and“early Pleistocene as the Camp Rice
~ Formation was being deposited can only be deséribcd_ in gene@ terms. Fluvial systems that
deposited the Camp Rice Formation were deposited by braided locally intermitent streams.
Laéustrine sediments including discontin‘uous beds of gypsum jwere deposited in small ephemeral |
lakes. Eolian ’dunes and loess deposits were recognized locally. Several cycles of buried calcic i
- soils‘ in loess and buried Vertisols with pedogenic CaCO; »noduiles are preserved in the Camp Rice
Formatién and are indicative of subhumid to and climates (Machette, 1985).' Collectively, "this
evidence suggests that an arid td subhumid, but probabl& domi;nantly sgnliarid,'climate prevailed in °

the Hueco Bolson during the late Pliocene to early Ple_istocen.e.% :
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 dé not occur in coarser grained facies

(fig. 10). Throughout the middle and northern parts of the study area, ‘plalc_overtisols or paleosols
with some vertic 'prqpertiés are present in nearly every eXposed clay or mud bed (figs. 5 through 8
and 19). Buried Vertisols and soils with vertic properties érc aisd present in most clay and mud
facies in core to a depth of approximately 67 m (220 f_t) but wére not rcéoénizcd in.cléy anvd mud
rfacies below that depth (fig. 3). Paléovértisols were also not observed in lacuénine clays and muds
interstratified With either massivé gypsum beds br beds of disi)ersed gypsufnv crystals (figs. 14 and
.15). | | '

| Paleovertisols have seldom been described in the literature even thbugh mod'e_‘rn Vertisdlsare

commonly present in ciayey sediments and account for more itha.n 3.2 x 106 km? (1.25 x 108 mi?),
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or2.4 percent, of the Earth s land surface (Dudal and Eswaran, 1988) Some publxshed examples )

~ of paleoverusols and buned soﬂs with some vertic properues include descnpt10ns of (1) pedogemc B

slickensides that developed in ﬁne- gralned facies of Paleozoic redbeds of the- Bloomsburg, .

 Carskill, and Mauch Chunk Formauons in the central Appalachlan Mountams (Gray and

Nlckelsen 1989), (2) buried Verusols in the Pennsylvaman Monongahela Formation (Blodgett

. 1985 a, b), A3) paleosol rmcrorehef features in the MlSl‘lOI‘ and Ardon Formauons, Israel

~ (Goldbery, 1982), and C)) compressmnal structures assocxated thh pattern ground developed in

the Devoman Old Red Sandstone (Allen, 1973)
' Vertisol Characteristics 7

Verﬁsols are clayey soils that develop one or more of the followingcharacteristics: (1) gilgai h

'(surface microtopography); (2) deep, Wide desiccation cracks (21cm [0.4 inch]y wide at adepth of ‘.‘. E
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;shaped s&ubtural soil aggregates whose long axes dip o

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

Montmonllomte, which is a mernber of the smecnte fam1ly of clay minerals with a h1gh coefﬁmem v

of linear exten51b1hty, commonly composes at least 30 percent of these soxls (Dudal and Eswaran '

1988). thtures 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 (Yenma and others,

1985, 1987; Smith and others, 1985) and may compose Vertisols.

~ The characteristic sluink—swell property of smectite clays has commonly ‘_been attributed to an

- ability to take up water or organic liquids between their structural layers. 'H'oyvever, Wilding and
- Tessier (1988) suggested that shﬁnk-swell properties of smectite clays result mostly from Water .

loss and gain between clay parucles and, to a lesser extent, from water loss and gam between

structural layers ‘Mielenz and ng (1955) showed that free- swellmg Ca montmonllomte can |
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expand 45 10 145 peréent. The percentage of free swelling is decfreased for synthetic mixtures of
mdﬁmxorﬂloﬁite, kaolinite, and sand. Furthermore, expansion ,in:creascs as original density
ihcreaseﬁ. Hydration or swelling pressures in montmorillonite cliays are in the order of 1> to 6
'kg/em? (14.2 to 65.2 Ib/inches?) (Mielenz and King, 1955; Komornik and Zeitlin, 1970). The
ability of smectite clays to take up water between their strucmral:layers and between clay particles

is the fundamental property that leads to the development of Vertisols.
Paleovertisol Properties

Paleovertisols developed in clay and mud facies of the Fort Hancock and Camp Rice
Formations, which contain more than 45 percent clay-sized fnat_érial (= 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 to 0.05 @, silt 0.05 to 0.002 mm, clay
> 0.002 mm) (Soil Survey Staff, 1975) (fig. 11).

The rrﬁneraldgy of selected samples of clay-rich facies of &e Fort Hancock Formation, many
of which contain paleovertisols, was determined ﬁsing X-ray diffraction. Whole-rock samples
were analyzed from 10°‘to 60° 2 theta using a.35 kv copper X-r‘éy tube. In addiﬁon both coarse (2
to 4 um) and fine (< 2 pm) clay-size fractions were analyzed from 2° to 16° 2 theta. Clay facies of
the Fort Hancock Formatidn are composed primarily of smectite (montmorilloriite) with lesser
amounts of kaolinite, illite, and quartz (R. S. Fisher, written chmunicatiQn, 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 1o Wilding and Tessier (1988),
absorption aqd loss of water in the pores between clay particle§ such as these is largely responsible

for expansion and contraction of clay facies.
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- Structures in Paleovertisols

Soil structures in buned Verusols of the Fort Hancock and Camp che commonly include (1) :
mulch or nut zones, (2) near-vertrcal desxccanon cracks, (3) mtersectmg fractures w1th shckensrdes
that bound small blocky soil aggregates and large wedge-shaped soil aggregates, (4) manganese
oxide or hydrox1de ﬁlms on fracture faces, and ®)] CaC03 ﬁlms or nodules (ﬁgs 22 and 23)

Mulch or nut zones mark the former surface layer of buned Verusols and compnse compacted .
' angular, blocky granules. These compacted granules were denved from an ongmal surface layer of |

v‘ loose, puffy aggregates (popcomhke texture) or of a layer broken by numerous small de81ccatton
: cracks (fig 24). ' ‘_ ’
| Large desrccatton cracks may be as rnuch as 150 cm (60 inches) deep and 1.5 cm 0.6
mches) wide.: Formerly open desiccation cracks in buried Vertisols are recogmzable when they
contain material of a different texture or color than the main body of the soil (fig 25). Desxccatlon '
cracks may be filled with sand and silt that was deposued in the crack from above by elther eohan
~or fluv1al processes Other desiccation cracks are ﬁlled with granules of soil that fell i into the cracks
from the overlym g mulch zone. Sand that fills des1ccauon cracks is commonly cemented w1th.
_ CaC03 and in plan view may outlme an uregular polygonal fracture pattern (fig. 26). |

~Both small blocky and large wedge shaped 5011 aggregates are bounded by mtersectmg .
ffractures with shckensrdes Blocky soﬂ aggregates are normally less than 20 cm (9 inches) on a
~side. Blocky aggregates occur below the mulch zone and comrnonly contain many small

| : mtersectmg fractures w1th shcken51des (fig. 27) Intersectmg fractures w1th shckens1des also

7 bound large (0.3-t0 3.0-m [l to 3- ft]) wedge shaped 5011 aggregates Fractures that bound

| -wedge shaped soil aggregates are commonly shghtly concave upward and dlp from 10° to 60° (fig. : o

- 28) Dlsplacement across fractures boundmg large wedge-shaped soil aggregates may exceed

several cenumeters
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A micrograph :(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 produce a compact, thin, -
very fine grained layer. - ‘

| Black manganese oxide or hydroxide films are present on some slickcnside-covg:ed 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 thro’ugh these |
sediments during or after soil formation. Pedogenic CaCOs filaments and nodules are glso present
in some paleov_ertisols. Cérbonate 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 inéheS), are commonly vertically
elongated. In rﬁost buried Vertisols, carbonate nqdules are relatively v?idely separated from each
other (<10 cm {3.3 inches]) (fig.. 22) and clearly occuf well below the mulch zoné. Vertically’ -
elongate nodules may grow preferentially in buried desiccatioh cracks. These nodules shbuld nof
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

Wilding and Tessier (1988) critically reviewed modelé df Vertisol development that
emphas-ize the effecté of pedoturbation and differéntial >loadin1g. Citing new evidence from Ahmad
(1983), Wilding (1985), and Dasog and others (1987) ;hat suggests that rnariy Vertisols dQ not
undergo extensive mixing, especially in the ﬁpper soil horizohs, Wilding and Tessier (1988)
argued that structures and soil horizons in Vertisols result from 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.

44



Pedoturbation

The pedoturbation model of Vertisol development was ﬁ'rsttdescribéd by Hilgard (1906) as a
mechanism by which gilgai (microtopographic surface expression of Vertisols) form. He inferred
that deep cracks in soils became paﬁly 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 close |
because of the surplus material in them. Soil near the cracks was forced away énd upward from thé
cracks resulting in large wedge-shaped Soil aggregates bound by ﬁactmcs with slickensides in the
subsurface, and in microtopographic ﬁighs ( gilgai) at the surface. Development of pedogenic
horizons would be slowed 6r prevented by soil mixing or pedoturbation. |

Wilding and Tessier (1988) noted that in some Vertisols syStematic soil-property depth
functions, eluvial-illuvial horizonation, and only slightly disturbed stratigraphic horizons suggest
.th\at soil mixing was not as active as previously thoughﬁ They recdgnizcd that filling of desiccation
‘cracks occurs but is only partly responsiblekfo‘r formation of slickensides, gilgai, and cyclic |

hoﬁzonétion.
Differential Loading:

Paton (1974) suggested that gilgai were formed by a process of ‘differemi‘al loading Where
clays moved from areas of high-confining pressure to areaé of low-confining pressure. Paton
(1974) drew analogies between gilgai and sedimentar_y s_tfuctures and mudlump islands from the
- Mississippi délta (see Mofgan and othérs, 1968). Custavsbn (1975) argued that Paton’s
application of the process by which éédirhentary load structures and mudlump islands océurs to the
formation of gilgai is questibnable. Marked density differences exist between deltaic sands and -
uhcompacted water-saturated muds, but s‘imil‘ar density differences have‘ not been observéd‘_in

adjacent soil horizons. Furthermore, sedimentary load structures on delta front slopes tend to be -
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elongated transverse to slope direction. Gilgai, when they occur on slopes greater than 1 percent,
are elongated ridges and troughs aligned roughly parallel to the slope dlrectton Blokhuis (1982)
noted that the regular pattern of g11ga1 mxcrotopography was not compauble with patterns of

sedunent density differences arising from recognized depositional processes.
- Soil Mechanics

Wilding and Tessier (1988) proposed a model of Verﬁsol pedogenesis based on the
mechanical behavior of expansive clay sediment or soil. They recognized that soil wetﬁng takes
place downward from the surface mulch zone and upward or inwetrd from desiccation cracks filled
with water during precipitation events (Howard, 1932; Bla.k;e and others, 1973). Swelling and
- expansion of neé._r-surface clays following absorption of water results in uplift of surface material." '
Water absorption and clay expansion in the subsurfacewhere vertical and lateral sQil movement is*
confined result in crack closure and eventually in swelling pressures that exceed soil}sltear |
strength. Swellihg- pressures in Vertisols are approximately 1 to 6 kg/cm? (Mielenz and vKirig, '
1955; Komornik and Zeitlin, 1970), but probably do not exeeed 1 kg/cm? at moisture levels where
, faﬂur_e is most ﬁkely W, ilding and Tessier, 1988). Failtxre by shearing results in small faults or
fractUtes with slickextsides. Fractures tend to radiate outwafd and upward from beneath gilgai
microdepressions, forming bowl-like structures (Dudal and Eswaran, 1985; Wnding, 1985). The -
~ soil mechanics model accommodates formation of SIiCkensfdes and pedogenic strticnke and is
compauble w1th systemanc depth functions recogmzed in Vemsols (thdmg and Tessier, 1988).

Field observations of buried Vernsols reveal charactenstlcs that support both the o
pedoturbauon and soil mechanics models. Fractures (rmcrofaults) with shcken51des are mostly
concave upward and d1p less than 60° (fig. 18). Shcken51des on fractures appear to be similar to |
those producedexpenmentally on stiff wax by Means (1987). This style of shckensxdes, which is

characterized by nested troughs and ridges on opposing fracture faces, was produced by
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approxrmately 2cm (0 8 lnCh) of dlSplacement and suggests that shckensrdes in soils can be ﬁ
produced wrth relauvely little dlsplacement. | ' ' | '_

Deep desrccatlon cracks are commonly preserved in buned Verusols of the Fort Hancock and:
~Camp Rice Formauons These cracks are recogmzable because they are filled with sand or srlt from
an overlymg unit or with clayey sorl aggregates from an overlymg mulch zone Clearly, srgmﬁcant
volumes of sedJment can be contnbuted to desiccated clay facres as crack fillings. In rare 1nstances
crack filhngs composed of sand and mud or clay lithoclasts may reach 10 cm (4 mches) in width.
- Small-scale reverse faultmg is commonly assocrated with fracture surfaces boundmg large wedge-
shaped sorl aggregates stplacement of filled desrccauon cracks and CaCO; nodules across these
fractures rarely exceeds 10 cm. However, the fact that crack ﬁlhngs and large fracture planes are

preserved suggests that pedoturbatlon was a slow process Soil movement in the buned Verusols

of the Hueco Bolson was more of a jostling of soil aggregates than a turbulent overturn Vertisol ©

development in the Fort Hancock Formation is probably better described by the soxl mechamcs :
model of Wilding and Tessier (1988) but it clearly retams features descnbed by the pedoturbauon :
* model of Hxlgard (1906). T ' '

The mulch or nut zone that charactenzes the upper. 10 to 20 cm (4 to 8 mches) ofa Vemsol
: developed ina smectite- nch clay in an arid or semiarid chmate con51sts of small loose angular soil
aggregates. Deposmon of ﬁne-gramed sedrments of the Fort Hancock and Camp Rice Formations
occurred primarily from setthng out from suspensron in playa lakes or locally as overbank
deposits. Preserved sedimentary structures in these envrronments are rare, but preserved structures v
~ are primarily thmly larmnated clays and interlaminated th1n silts and clays These Structures s su ggest 7‘
that ephemeral lake deposns were built up over a long penod of nme by numerous deposmona.l
. events, each of which contnbuted a small 1ncrernent of sediment.’ Lammanons were preferennally .
preserved where playas 'remained flooded or where playa 'surfaces remained wet at ground‘-Water '
dlscha.rge pomts Where playa sedlments were exposed after flood events, desrccatlon occurred -
and mud cracks as deep asa meter formed Desrccauon cracks dlsrupted larnmatlon The next '

floodmg event wet the soil, washed mud chrps 1nto cracks, and caused cracks to close De51ccanon
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followed and the process of crackmg was repeated Sand srlt or small mud ﬂakes were blown

into cracks As lacustrme sedrments slowly accumulated numerous cycles of deposmon followed
by des1ccanon obhterated sedlmentary srructures and resulted m the massrve clay and sandy clay

. beds that are as rnuch as2m (6.6 ft) thrck in the Fort Hancockr and Camp . che Forrnatrons

Although many cycles of shrink/swell occurr_ed, the ,destructron;of primary sedxmentary structures

was mostly accomplished by repeated episodes of wetting and ;deSiccation at the surface, not by |

' turbulent overturn of the soil.

- Degree of ‘Buried Vertisol Developrn'ent_ '

The degree of soil development ranges from 1 undlsturbed laminated playa lake deposrts to

| (2) lacustrine larmnae with desiccation cracks to (3) 2-m-thick clay beds having all the
charactenstlcs of a preserved Vertisol and a few remnants of drsturbed blocks of laminated lake
clays to (4) Vertisols with no preserved primary sedimentary structures Most commonly, no
sedrmenta:y structures are preserved The degree of development of buried Vertisols in sediments
of the Fort Hancock and Camp Rice Formatrons probably depended on several factors, including
clay content and mmeralogy, duratlon of surface exposure, the frequency of flooding or rainfall-
events.to whrch these -sedrments were subjected, degree of desrccatlonf and to some extent the rate
of burial by later sedimentation. Recognizable buned Vemsol horizons are present only in clay,

mud, sandy clay, and sandy mud facies containing more than \45 percent clay.
~Ageof Paleoverti‘sols

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 recognized chronosequences have been
~ described for Vertisols that formed in a desert basin under semiarid climates. Furthermore,

Vertisols form under a variety of climatic conditions, ranging from humid to arid and tropical to
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’ témperate. chl'ﬁhg and desiccation of clays is an integral part of the formation of Vertisols, and
the frequency of shrink-swell cycles to which a soil is subjectéd is directly tied to climate and
depositional setting. Shrink-swell cycles might be expected to be more frequent in a subhumid
temperate climate than in a humid tropical climate, where soils rémain wet most of the year, or in
an arid or cold climate where soils remain dry or frozen for much of the year. Consequemly,
Vertisols are erly to form at different rates under differcnt climatic conditions.

| Gilgai and pedogenic structures such as slickensides have been reported to have formed in
time iﬁtervals as short as 5 to 200 yr (White, 1967; Parsons and others, 1973; Yaalon and Kalmar,
1978; Wilding and Tessier, 1988). Hdwever, even though somé soil structures can fbrm 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
yT after being leveled. | |

Pedogenic structures associated with calcié soils such as CaCO; nodules a.nd filaments are
commonly observed in clay and sahdy clay lithofacies (cphemcral lake clay) in the Fort Hancock
Formétibn but are only rarely seen in coarser grained facies except as lithoclasts. In the Camp Rice
annation, pedogenic CaCOj; nodules and filaments »developed in the cbarse silt to véry fine sand
‘ (ioess) lithofaciés and the clay and sandy clay lithofacies (epherﬁeral lake clay). CaCO; nodules in
loess were accompanied by the development of illuvial clay horizons.

CaCO; in calcic soils is derived from several potential sources, including eolian CaCOg dust,
CaCO; dissolved in rainfall, and dissolving surface or near-surface carboriate rocks. Precipitation
or surface runoff carrymg small amounts of dissolved CaCO3; commonly infiltrates only near-
surface sediments. Some of this water is lost to évaporation, and solutes such as CaCO; are left
behind. Usually this process takes placé in the upper 1.5 m (5 ft) of near-surface sediments. Clay-
sized sediments caf_ried in suspension are also left behind as near-surface waters evaporate; .

- Studies by kBachman and Machette (1977), Gilé and others (1981), and‘Machette (1985) have
provided considerable insight into the processes and rates of CaCO; accumulation and -

characteristic structures associated with the development of calcic soils and calcretes. For example,
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development of | CaCOg nodules and filaments are characteristic features in the early stages (I and
lI) of development of calcic soils. Gile and others (1981) suggested that Stage I calcic soils formin
100 to 7 000 yr and that Stage I calcxc soils form in 8,000 to 15,000 yr in nongravelly, sandy, |
low-clay content material in the Basin and Range area of southem New Mexico.

Although CaCO; nodules and ﬁlaments are present in most buried Vertisols, the ﬁlarnents ,
and nodules are w1dely dlspersed The fact that only a few d15persed nodules are present in clayey
facies of the Fort Hancock Formation suggests that the soil age relauons descnbed by Gile and
others (1981) for coarser sediments rnay not be applied directly to_des1ccated clays. For example,
surface vwaterprobably _inﬁlu'ated alon g desiccation cracks instead of infiltrating the soil on a broad
front. Consequently, solute loads Were concentrated in desiccation cracks as evaporation occurred,

- and these vvidely dispersed nodules- were able to grow more rapidly than in coa}rser,» sediment. If |
this is correct, then the few dispersed CaC03 nodules that c‘haracterize many buried Vertisols could
have developed in a shorter timeframe than 7,000 to lS,OOb yr;perhaps only.avfew thousand
years . | - . |

In summary, the time required to develop a Vertisol can only be grossly estimated on the
basis of vumes requlred to regenerate soil microtopography and on times required to form soil
’ structures such as»CaCbOg nodules and ﬁlamen_ts_. On the basivs of these arguments, Vertisols in the
Fort Hancock and Camp Rice Formations probably formed in several hundred to several thousand

years.
SUMMARY

. During the late Tertiary the southern Hueco Bolson was an internally drained basin filling
with fluvial and lacustrine sediment of the Fort Hancock Foxmation Proximal, transitional, and
’ dlstal alluvial fan sediments (gravel, gravel and sandy silt, sandy silt, and. sandy mud. lxthofames)
were denved from the Diablo Plateau and other hlghlands alon g the margins of the Hueco Bolson.

'I'he basm also received runoff and sediment, albext mostly suspended sediment, from the northern
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ah,ccstral Rio Grande.; Rapid deposition of fine-grained lacustrine sediments (clay and sandy cla&
and clay, mud, sandy mud, and gypsum ﬁthofacieé) in ephemeral lakes in the basin center resulted

~in a rapidly rising base level. Deposition éxceeded rates of tectonic subsidence in the basin, and
through-flowing drainage began as the confining barrier at the southern end of the basin was
brcéched. | |

Depositional environments in the Fort Hahcock Formation included alluvial fans and
ephemeral lakes, which suggest an arid to semiarid climate during ‘depositibn. Paleosols preserved-
in the Fort Hancock Formation include célcic‘ soils and Vertisols. Calcic soils form most commonly
in subhumid to arid ciimates and, in conjunction with the stratigraphic evidénce, indicate that arid
to semiarid climates prevailéd as the uppef Fort Hancock Formation was being deposited.

Breeching of the drainage divide at the southern end of the Hueco Bolson initiated a long
period of erosion during which the newly integrated Rio Grande drainage was incised more than
130 m (430 ft) into Fort Hancock sediments in the séuthem part of the Hueco Bblson. This event
cannot be precisely dated but probably occurred about 2.25 _Ma>ago.

The Pliocene—Pleistocene Camp Rice Formation unconformably overlies the Fort Hanéock
Formation and contains a cémpléx of lithofacies that were deposited in a wide variety of
environment§. Sand and gfavel lithofacies containing exotic gi'avel derived from north of the
Hueco Bolson were deposited along the axis of the »’bolson by a through-ﬂoning stréam, 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

| .Grandc; Locally preserved eolian dune sand and loess were deposited between sites of fluvial
sedimentation.vLacuvstrihc sédirnents accumulated in ephemeral lakes that developed locally in areas
affected by nei&;er fluvial deposition nor erosion. Sediments deposited in ephemeral lakes were k
subjected to periodic desiccation, destroying most primary sedimentary structures. Slow

_ sedimentation in the stable iake basin allowed Vcnisdls to form. |

Fluvial systems‘that deposited the Camp Rice Formation were largely ephémeral bra‘id'ed'

~ streams, suggesting arid to subhumid conditions. Lacustrine sediments including discontinuous
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beds of gypsum were’ deposrted in ephemeral lakes, and most hkely mdrcate an arid or sermand
chmate Pedogemc C3C03 nodules are common in buned sorls in the Camp R1ce Formauon and
| also suggest subhurmd to arid chmates Soil, straugraphlc, and; fossrl evrdence mdrcate that climatic
condmons in the Hueco Bolson from the late Ternary to the early Quaternary were sermand o

,l

o subhurmd

Paleoverusols commonly developed on the smecute-nch clayey sedlments deposned 1n
ephemeral lakes of both the Fort Hancock and Camp R1ce Formanons These paleosols are
charactenzed by mulch zones, deep desrccauon cracks mtersectmg fractures with shckens1des,
manganese oxide or hydroxrde stams on fractures, and CaCO; nodules Verusols formed m o
: phemeral lake clays asa result of numerous eprsodes of shnnkmg and swelhng because of
i ‘ ﬂoodmg or precrprtauon and deswcauon “ ’
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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); III, 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.
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" *qufr'ﬁﬂ“ Madden Gravel

T —— Stage IV caicrete.

- Silty fine sand. No primary sedimentary
structures.

Horizontally bedded to planar cross- -
bedded clast-supported pebble gravel
interbedded with honzomally laminated
sand.
< Fort Hancock Formation

Rotated slump block with parallel
laminated silt and clay. Abundant
CaCOj3 nodules up to 10 cm long.

Horizontally bedded sandy silt, silty
24 = - clay, and clay. Abundant CaCO3
- - T nodules up to 10 cm' long, horizontally
elongate.

CaCO3 nodules.

' Buried Vertisol in silty expansive clay.
A | Common vertically elongate CaCO3
S nodules. Desiccation cracks (mulch
pava 214! 1 zone)filled with sand. Common
d " intersecting fractures with slickensides
f 4 bounding ped faces. No primary
I sedimentary structures.

Silty sand, no primary sedimentary
structures, common horizontally
elongate CaCOg3 nodules.

Buried Vertisol in silty expansive clay.
Common vertically elongate CaCO3 -

“nodules. Desiccation cracks (mulch
zone) filled with sand. Common
intersecting fractures with slickensides
bounding ped faces. No primary
sedimentary structures.

Desiccation cracks (muich zone) in silty
‘clay.

Siity very fine sand with CaCO3 nodules.
No primary sedimentary structures.

27

Incipient Vertisol in laminated, upward-

T coarsening, expansive silty clay to clay.
‘m — o Desiccation cracks (mulch zone) in
: "~ upper 30 cm filled with sand. Vertically -
) _:ﬁ elongate CaCOg3 nodules in upper 100
12 o n 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 siit 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 CaCOg3

- 'nodules.

Buried Vertisol in expansive clay.
Desiccation cracks (mulch zone) in -
upper 30 cm 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. CaCOg3 nodules and
stringers on top of each clay drape.

. Qatzlat.

0

Flgure 5 Stratigraphic section of the upper “Fort Hancock Formation exposed in the headwaters of 3

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 (dlstal alluv1al fan) 1V, clay and sandy clay (ephemeral lakc)
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Madden Gravel
_ Stage IV 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 cm long.

Camp Rice Formation
Stage Il calcic horizon in silty very fine
sand. CaCOj nodules locally eoalesced
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 upto 10 cm long.

'
s N
12—y ’
’ [}
Covered

* Fort Hancock Formation

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

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
expanslve 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 developéed 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 facés. Vertically elongate

- CaCOg nodules:

e

Ripple cross-laminated sandy silt.

‘Moderate-brown expanswe sandy clay
to silty mud. No pnmary sedimentary
structures.

Javd U TWITTW
[o]

Flgure 6. Stratlgraphlc section of the upper Fort Hancock Formauon and Camp Rlce 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 (bra1ded stream); 4,

coarse silt to fine sand (loess).

Ripple cross- Iammated snty very fine
~ sand. :

Expansive sandy clay.to silty mud with
light-olive-gray streaks. 'No primary
sedlmentary structures.' Desiccation
fractures in upper 30 cm filled with silty

very fine sand. : QA12120
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~ Madden Gravel
Stage IV calcrete.

‘/V Camp Rice Formation ‘

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

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.

B
N~

L n .
Fort Hancock Formation

Buried eroded Vertisal in silty sandy
clay. Large wedge-shaped soil
aggregates bounded by fractures with
slickensides. CaCO3 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 12118

Figure 7. Stratlgraphlc sect10n of the upper Fort Hancock Formauon 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 - -

) Horlzomally bedded sand and gravel.
Gravel clasts mostly limestone and
chert <20 ¢m long. Ca003 nodules at
‘base.

' Fort Hancock Formatlon
Buried Vertisol in siity clay. Mulch and
muich-filled fractures. extend to base of
sitty clay. Large wedge-shaped soil . R } S ; :
aggregates bounded by fractures with : |
- slickensides. Small blocky soil =~ . R ; : e
aggregates bounded by fractures with ) i

slickensides. Manganese films on .
fractures. CaCOg3 nodules <3 em long.
|
O Horizontally laminated silty clay and
=—g- ——ge " clay. Desmcatlon cracks
I o e LA Ripple cross-lammated sandy silt.

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 fractures with

slickensides. . Manganese films on R :
fractures. Few CaCOg nodules<3cm. -~ . : (-
long. : B IR . ) .

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-lamlnatnon :

Burled Verusol in sxlty clay. Common
large wedge-shaped soil aggregates
bounded by, fractures with slickensides.
Small blocky soil aggregates wnth
fractures with slickensides. o

Ripple cross-laminated to ripple-drift
cross-laminated sandy silt separated by:-
thin (<2 cm thick) clay drapes wnh )

- desiccation cracks., o

Buried Vertisol in silty clay. Common ; .

large wedge-shaped soil aggregates - c o

bounded by fractures with slickensides. - . : :
- Smaill blocky soil aggregates bounded-

by fractures w:th slickensides.

Qal2ns o

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 i
(see fig. 1 for location). Elevation of the base of the section is approximately 1,143 m (3,750 ft). o
Roman numerals identify lithofacies of the Fort Hancock Formation: ITI; sand, sandy mud and

sandy sﬂt (dlstal alluvial fan); IV clay and sandy clay (ephemeral lake) ' :
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Figure 9. Ripple cross-laminated, silty, .ver'y‘ﬁne vsa‘nd‘fr‘om 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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o/ Paleovertisol in Fort Hancock

oC Paleovertisol in Camp Rice
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Loam
Sondy Clay

Loam

. Sand Loam

Silt Loam

Siit

(b)  sano

SILT

QAI2i16

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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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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— o Flgurc 13 Interbedded clay and gypsum of the clay, sandy mud and gypsum hthofaues (phva
’ lake) of the Fort Hancock Formauon exposed along Nealy Canyon Knife is 9 cm long.
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Ramey Gravel

‘Fort Hancock Formation

Horizontally laminated clay.

Clay, no pfimary sedimentary
structures. i

SISV S

Horizontally laminated clay.

%7///// /s "

vVV V A\
VVVVVV vV VvV \/VV
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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

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

Clay with horizontal zones of dispersed -
gypsum crystals. Crystals <2 mm long.
No primary sedimentary structures.

Gypsum and clay. Gypsum crystals
<2 cm long.

Clay with horizontal zones of dispersed
gypsum crystals. Crystals <3 mm long.
No primary sedimentary structures.

Very finely crystalline analcime (altered

volcanic ash). Grades up to clay.

Clay. No primary sedimentary
structures. ;

Gypsum. Crystals <1 cm long. Pores
filled with silty clay.

Gypsum interbedded with clay. . Gypsu
crystals <3 mm long.

QA 12123

lithofacies interpreted to have been deposited in a playa lake.
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PO o ——

Madden Gravel
Clast-supported to matrix-supported
flat-bedded to planar crossbedded
CaCOg-cemented gravel interbedded
with flat-bedded sand.

Clay.

Sand to silty sand, flat-bedded to ripple
crossbedded. Sparse beds fine upward.

Fort 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.

- Sandy mud, no primary. sedimentary

structures.

[N\

Silty sand, horizontally bedded.

Sandy mud, no primary sedimentary
structures.

AN ZL 7]

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

Sandy mud, no primary sedimentary
structures.

IIISISIIIIIS S

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

VT2 22222222222 2222

- 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 CaCOs3-
cemented. )

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 depdsitional 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 v
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. i
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Madden Gravel
Stage IV calcrete with upper 20 cm
laminated, polygonal fractures, and
CaCOg3 laminae on fracture taces.

\-o_‘

Covered

Honizontally bedded pebbly sand.

Stage IV caicrete, upper 15 cm
laminated. CaCOg3 laminae on fracture
faces.

Horizontally bedded pebbly sand.

e i
LT =R

34

T KA

Stage IV calcrete, upper 15 cm
laminated, ladder structure,
rhizoconcretions.

Fine sand, no sedimentary structures.

Covered

P

d Q

AL

Stage Il caicic soil, common
rhizoconcretions.

Sand, no sedimentary structures.

Medium sand, horizontally laminated.

MM I hhhhh
‘QﬁQQ\SNRﬁ?QPSRQ\ N\|

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.

ol oo T

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

\\\\\\\\\\

\\_\\\\ .

B horizon.
y \._Camp Rice Formation

Stage |V calcic, upper 20 cm laminated.
Buried Vertisol, muich zone at top.
Expansive sandy clay to sandy mud.
Angular blocky soil aggregates with
CaCOg3 and Mn films on fracture taces,
common intersecting fractures with
slickensides, rare CaCO3 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
CaCOg3 and Mn films on fracture faces,
common intersecting fractures with

form 7-cm-thick bed near base.

slickensides. Common gypsum crystals

Buried Vertisol, muich zone at top.
Expansive sandy clay to sandy mud.
Larger cracks (2 cm wide) filled with
CaCOgz-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.

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

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

Forl 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
CaCOg nodules and CaCOa films in
fractures.

Qai2i22

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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Flgure 22 Paleovertlsol 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 zone extends from near the base of the scale to appr0x1mate1y 10 cm (4 inches) above the
scale. Near-vertical CaCO; 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 sed1ments are overlain by fluvxally dep051ted sandy silt. .
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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
[ I bounded by fractures with slicken-
j sides. Flat to slightly concave-

' ' bCca - upward fractures with apparent dips

less than 30°. Few coarse verti-
cally elongate CaCOj3 nodules near
) base of horizon.

Silty cléy with few vertically
! elongate CaCO3 nodules.
0 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 (comrhonl;? referred to as popcorn text}ure)v.
This surface soil texture is characteristic of clayey sediments with high shrink/swell properties such

as smectites. Pen is 14 cm (5. 5 inches) long.
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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 is from a buried Vertisol, Fort Hancock
Formation. Pen is 14 cm (5. 5 inches) long.



Figure 26. CaCOj-cemented sandy silt fills desiccation cracks in a buried Vertisol developed in
sandy clay of the Fort Hancock Formation.
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Figure 27. Slickensides on a blocky soil aggregate from a buried Vertisol, Fort Hancock
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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(b)

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 Formauon hthologles and 1nterpreted deposmonal envnonments

IL

II.

V.

Lithofacies _

Gravel '

: o Deposmonal
_ ‘Sedimentary characteristies . environments

] ‘Mostly ﬂat-_bedded,- elasf-suppOrted, partly Proximal alluvial fan -

imbricated, locally CaCOs-cemented pebble- - (McGowen and Groat,

- to boulder-sized gravel. Locally nonstratified ~ 1971; Bull, 1972;

Sand sandy mud
or sandy sﬂt and
gravel

matrix-supported pebble- to boulder-sized Hewa‘rd, 1978)

gravel. Crops out adjacent to mountam fronts

and overlies Cretaceous bedrock.

Clast-supported, partly imbricated pebble— o Medial:alluvialf’an‘

~ cobble-sized gravel interbedded with -

crossbedded to horizontally laminated sand -

- and sandy mud. Common pedogemc CaCO3 .

‘Sand, sarldy, mud,

and sandy silt

Clay arld sand clay

Clay, mudb, sandy -

mud, and gypsum

nodules and ﬁlaments

Common horizontal laminations and npple o Dlstal alluvial fan /fan
and climbing ripple cross-laminations. Rare delta E

'CaCO; nodules and filaments. Rare gravel-

sized clasts. Lower contacts commonly
upward-coarsenmg from underlying lacustrlne v

'clay Upper contacts typically sharp.

Smectite-rich clay and sandy clay contain o Ephemeral lake
many calcic paleovertisols. Sed_imentary -
structures commonly destroyed by

- pedoturbation. Rare, locally preserved mud-

cracked, thin horizontal laminated clay or

- sandy clay.

Massive to thin honzontally lammated ~ Saline playa )
smectite-rich clay, mud, and sandy mud Rare o
desiccation cracks. Gypsum mterbedded with -

“clay laminae or as beds of 1ntergrowths of -

crystals with mud or clay malnx or as 1solated
crystals.
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Table 2. Soil characte_ristics of modern Vertisols and paleovertisols of the Fort Hancock and Camp
Rice Formations, Hueco Bolson.

Paleovertisol characteristics

Vertisol characteristics (Soil Survey Staff, 1975)
1. Develop most commonly in smectite-rich 1. Developed in smectite-rich lake clay.
clay. ' '
2. Develop gilgai (surface microtopography).* 2. Gilgai not recognized.
3. Develop deep, wide desiccation cracks 3. Common desiccation cracks to depths of
(=1 cm wide at a depth of 50 cm) at 1 m. Cracks filled with fine sand or clay
some time of year.* soil aggregates.
4. Develop mulch or nut zone at surface of 4. Mulch zones commonly preserved as angular

small angular (popcornlike) soil aggregates.* clay aggregates separated by thin cracks
' filled with fine sand. Mulch zones mark
former exposed surfaces.

5. Slickensides on ped faces close enough to 5. Common blocky, angular peds (joint blocks)

intersect at some depth between 25 cm and bounded by fractures with slickensides.
1 m.* '

6. Large wedge-shaped structural soil 6. Common wedge-shaped structural soil
aggregates, bounded by surfaces with aggregates bounded by fractures with
slickensides. Long axes dip between 10° slickensides. Long axes dip between 10°
and 60°.* ' ' and 60°.

7. High bulk density and slow hydraulic 7. Density not determined. Hydraulic
conductivity. » 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. Canip Rice Formation lithofacies and interpreted depositional environments

Lithofacies characteristics

| - 1. Sand and gravel -

2. Sand and exotic '
gravel

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 fllls
commonly fine upward.

. Flat-bedded to rlpple to trough c‘ross—_’

stratified sand and gravel. Gravel contains

~ abundanti igneous and metamorphic clasts

3. Sand -

4. Coarse silt and very
fine sand

© 5. Clay, sandy clay, and

- gypsum

derived from outside of the Hueco Bolson.

Well-sorted _planar crossbedded mechum
sand. A single 1-m- to '1.5-m-thick bed

-Tests unconformably on Fort Hancock
sediments. :

Clayey to muddy, fine to very ffpe_ sand.
No preserved primary sedimentary
structures. Few to common CaCOg, nodules
and filaments. Blocky to prismatic
fractures. Rare to common CaCOs-filled
root tubules. Buried illuvial B soﬂ v
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

(tnbutary to Rio

 Grande)
_ 'Btaided streatn‘(Rio
- Grande)

Eolian dune

Eolian loess

Ephemeral lakc .



