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- ABSTRACT

The Fort Hancock study area is located 740 mi (65 km) southeast of El Paso, Texas, in the
Hucco Bolson on an alluvial slope between the Diablo Plateau and the Rio Grande. The study area
spans the drainage divide between Alamo and Camp Rice Arroyos. Since deposition of bolson fill
ceased, the arroyos have incised, cutting down to expose the Fort Hancock and Camp Ricg
Formations in their ﬂoofs and valley walls.

Quaternary strata younger than the Camp Rice Formation underlying the study area can be
divided into four uhits: a basal gravel, a middle sand, a petrocalcic horizon (Stage IV), and an
upper sand. The petrocalcic horizon is interpreted to be thé upper surface of the Madden Gravel, -
and, on the basis of its dense, laminated character, took 25,000 to 75,000 yr to form. These
Quaternary sediments range in thickness from 20 to 60 ft (6 to 18 m), thinning to the southwest
across the study area and toward the edges of arroyos.

The general trend of incision of arroyos has been interrupted periodically by: alluviation. At
present, remnants of weakly consolidated allluvvial ﬁlyl, ‘400 to 1,330 yr old, are being removed from
the arroyos and their tributaries by headward migration of nickpoints. Rates of headcut retreat in
alluvial fill during the last 1,330 yr vary from 0.1 to 5.2 ft/yr (0.04 to 1.6 m/yr). These long-term
rates are much lowér than modern rates of retreat (7.2 to 27.2 ft/yr [2.2 to 8.3 m/yr]), which are
based on interpretation of aerial photographs covering a 44-yr period. For the same time, most
headcuts on pétrocalcic horizons have not retreated by a measurable amount. At one location where
runoff is concentrated, the average rate of headcut retreat has been 3.3 ft/yr (1.0 m/yr), which is
lower than all modern rates of retreat in alluvial fill in this study. Vertical accretion rates for the
surface of the study area have averaged 0.009 inch/yr (0.24 mm/yr) for the last 1,440 yr. Prior to
7,000 yr ago, accretion rates were about 10 times faster. This char:ge in accretion rates coincides
roughly with the onset of drier climatic conditions aboﬁt 8,000 yr ago. The mean value of data

from erosion pins (0.04 inch [1 mm] deposition) shows that the ground surface was largely
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unchanged during the study. Most sediment transport is a result of runoff from intense rainfall,
which occurs infrequently. The most‘ intense storm recorded during the study was a 0.5-hr, 1.3-
inch (34-mm) storm with a 25-yr recurrence interval. Archeological evidence indicates that parts of
the surface of the study area have been stable fqr at least 900 yr.

The surface of the study area slopes toward the southwest at about a 1 ‘percent grade. The
surface is composed of several landforms, primarily low-relief interfluves between ephemeral
stream channels. Coppice dunes are present locally, especially on the south half of the study area.
Gravel-covered topogra‘phic'highs and uplands compose a small part of the study area.

Three surface fissures have formed in the study area, and an inactive, relict fracture has been
exposed in a 20-ft (6-m) deep excavation there. The fissures are composed of aligned surface-
collapse features that are as much as 4.4 ft (135 cm) deep and 5.1 ft (157 cm) wide. The collapse
features form via enlargement of tension fractureé ‘by erosion and piping. Uneroded tension
fractures are typically 0.8 to 1.6 inches (2 to 4 cm) wide and filled with sediment. Locally,
openings in fractures extend horizontally as much as 2 ft (60 cm), but most are less than 4 inches
(10 cm) across. The origin of the fractures is unclear, but the tensional stress that causes them to
form may result from differential compaction of unconsolidated sedirments over bedrock
irregularities or abrupt facies boundaries. Similar ﬁssur;s, natural and man-induced, have been
reported throughout the desert Southwest from California to Texas. There is no evidence of fault

movement on fissures at the study area.
STRATIGRAPHY AND PALEOCLIMATE

The study area for a proposed low-level radioactive waste repository is located in the Hueco
Bolson, a Basin and Range graben, about 40 mi (65 km) southeast of El Paso, Texas. The area is
centered along the drainage divide between two arroyo basins that slope to the southwest from the

- Diablo Plateau to the Rio Grande (fig. 1). Until about 600,000 yr ago the Hueco Bolson was



filling with fine-grained sediment that composes the Tertiary Fort Hancock Formation and with

coarser sediment of the Tertiary-Quaternary Camp Rice Formation.

Stratigraphy

The following description of strata underlying the Hudspeth County study area is based on
outcrops along the valley walls of arroyos south and west of the study area (fig. 2), on several
cores taken from boreholes at the proposed site (pl. 1 and 2), and on exposures in frenches on the
proposed site (figs. 3 and 4). In most boreholes only cuttings were recovered from the uppermost
40 ft (12 m); hence, descriptions of these near-surface strata are less complete than those based on
whole core. However, exposures in trenches in the study area and along arroyo valley walls

provide substantial information about the composition of these strata.

Camp Rice and Fort Hancock Formations

Although the Camp Rice and Fort Hancock Formations have similar lithologic characteristics,
they can be distinguished in the vicinity of the study area. The Fort Hancock Formation can be
identified in outcrop and in core by its high silt and clay content (often greater than 80 percent) and
dark reddish-brown color (5YR 3/4 to SYR 4/3, dark reddish-brown to reddish-brown).
Pedogenic slickensides on fractures are present in outcrop and in core. In outcrop the silty clay
layers (fig. 2, units 9, 11 and 13) in the formation weather to form convex slopes between sandy
interbeds (fig. 2, units 10 and 12). The clayey outcrops develop a crumbly “popcorn™ texture as-
they weather. Hard carbonate nodules are found in the upper parts of most outcrops, and gypsum
crystals are present locally on fracture surfaces (fig. 2, unit 7). The Camp Rice Formation is
sandier than the Fort Hancock and lighter colored (typically SYR 6/4 to SYR 8/4, light reddish-
brown to pink). Locally, it contains clean (less than 5 percent silt and clay), structureless, fine to

very fine sand. Carbonate nodules in the Camp Rice Formation usually are not as well-developed



as those in the Fort Hancock Formation. The contact between the two formations is obscure in core
where sandy and clayey strata are interbedded or in intervals wheré no core was recovered. In this
study, the highest clay bed was selected as the top of the Fort Hancock-Formation. The tdp of the -
formation is at about 4,024 ft (1,226 m) (fig. 2) to 4,077 ft (1,243 m) (pl. 2) elevation in the valley
walls of Cémp Rice Arroyo south of the study area, and at 4,048 ft (1,234 m) in the valley walls of -
Alamo Arroyo west of the study area (pl. 2).. More detailed information about the stratigraphy and
dépositional systems of bolson sediments is available in Gustairson’s (1990) report on these two
_formationS. |

The contact between the Camp Rice Formation and the overlying Quaternary sediments is
recognized ih outcrops as an erodéd surface overlain by gravel (fig. 2). This surface is difficultto
identify in core because recovery of gravel layers is ciommonlyi péor. Therefore, they probably are
underrépresented in cores and cuttings. As a result, in this report the lowest layer composed of
more thah 50 percent gra?el is defined as the base of Quaternary sediments younger than Camp
Rice. By this definition, the base of Quatemary sediments is subparallel th> the ground surface, and
‘the,vCamp: Rice Formaﬁon is truncated by erosion beneath the west half of the study area (pls. 1
and 2).

These observations are supported by outcrop studies. There are no sandy or gravelly sfrata of
thé Camp Rice Formation in Alamo Arroyo west of the study area (pl. 2), whereas there are almost
13 ft (4 m) of sand (Camp Rice Formation) overlying the Fort Hancock Formation in Camp Ric_:e

Arroyo, south of the stlidy area (fig. 2).

Quaternary strata

Quaternary sediments at the study area are composed predominantly of silty, clayéy sand.
Where gravel was recovered in core, it was usually in layers less than 2 ft (30 cm) thick. Gravel
layers are locally preSent throughout the Quaternary section, but in some cores gravel content

~ decreases with depth (pl. 2, wells 77 and 79). In well 38 (pl. 1), near the north boundary of the



study area, gravel was recovered throughout a 46-ft (14-m) interval, but lithologies in zones of
poor recovery are unknown. In outcrops along valley walls, sandy gravel layers as much as 6.6 ft
(2m) thick are common. In the walls of the trenches at fissure 1, the composite gravel layers are as
much as 13 ft (4 m) thick and 130 ft (40 m) wide. These gravel layers are composed of maﬁy
 individual channel deposits, which are usually about 3.3 ft (1 m) thick and 8.2 ft (2.5 m) wide,
and are interpreted as cdarse channel-fill deposits of braided stréams. Paleoflow directions of the
gravel lenses in outcrop, indicated by pebble imbrication, vary from southwest in Camp Rice
- Arroyo to northwest in outcrops along Alamo Arroyo‘. These correspond roughly to the directions
of flow in modern-day channels. N

Near the nbrthem edge of the study area (well 38, pl. 1), Quaternary alluvium overlying
older bolson sediments is 59 ft (18 m) thick. Near the southern edge (fig. 2; pl. 1, well 72), these
sediments are less than 20 ft (6 m) thick. Along an east-west line from well 78 to well 79 (pl. 2)
the sediments are about 23 ft (7 m) thick. They thin to 10 ft (3 m) or less near the arroyos, and
locally they are completely eroded along valley walls of Alamo Arroyo. |

The Quaternary fluvial sediments exposed in outcrops can be divided into four parts: a basal
gravel, a middle sand unit, a strongly cemented upper sand or gravel, and an uppermost layer
(locally absent) of silty, clayey sand. Locally the fine-grained bolson sediments are eroded and
covered with sandy gravel on én abrupt, irregular contact. The basal gravel layer ranges in
thickness from about 1.6 to 7.9 ft (0.5 to 2.4 m). Gravel is predominantly gray limestone
(Cretaceous Finlay Limestone), with uncommon cobbles of yellowish sandstone (Cretaceous Cox
Sandstone) and some reworked carbonate nodules. The color of the limestone pebbles gives the
outcrops a gray hue, but the sandy matrix can be iighter (5YR 8/4: pink). Sandy interbeds as much
as 1.6 inches (4 cm) thick and 7.9 ft (2.4 m) wide are present locally in this unit. Sedimentary
structures include low-angle trough crossbeds, tabular crossbeds, and horizontal beds. Gravel
clasts measure as much as 10.6 inches (27 cm) in diameter, but most range from 0.4 to 1.2 inches
(1 to 3 cm). Dimensions of channel-fill deposits and grain size of sediments seen in outcrop are

similar to those found in present-day channels in the area.



The middle part of most Quaternary sections is a layer of silty sand, and the lower contact can
be abrupt or gradual. Low-angle crossbeds are preserved locally. The sand is cemented with
calcium carbonate, which ranges from being dispersed throughout the horizon to being
concentrated in indurated nodules. Color ranges from 5YR 3/4 to 5YR 6/4 (dark reddish-brown to
light reddish-brown).

A suongly cemented silty sand. or gravel overlies the middle sand. The color of the sand is
lightened by the carbonate cement to white (SYR 8/1). Locally, two carbonate-cemented
(petrocalcic) horizons are present within 16.4 ft" (5‘ m) of the surféce (fig. 3; pl. 3). Carbonate
cement decreases downward from the top of both units, which afe eroded and overlain by sand and
sandy gravel. In upper parts of both cemented horizons, where they are sandy, the cement is
horizontally laminated, with layers as much as 0.8 in (2 cm) thick containing individual laminae
0.008 in (0.2 mm) thick. The amount of carbonate cement in each horizon varies, but locélly they
are indurated and dense, and vertical faces and fractures are coated with carbonate. These
characteristics of cementation typify a Stage IV pedogenic calcrete (Machete, 1985).

These calcretes, separated by sand and gravel deposits that were laid down by streams,
represent two different periods of landscape stability. These periods, represented by the well-
developed calcretes, are separated by sediments that were deposited during an interval when
strea.mflow on this surface probably was more frequent. The upper petrocalcic horizon is
interpreted to be the Madden Gravel s’urface on the basis of its degree of development, its apparent
lateral continuity across the study area, and its topographic position higher than other gravel-
capped surfaces along the major arroyos. This horizon has been cut out locally by streams, which
are represented by coarse-grained gravel deposits (fig. 4).

The uppér calcrete is overlain by unconsolidated sediments of variable thickness. Throughout
most of the study area, these sédiments are less than a meter thick. The relatively shallow depth of
burial on this surface, which slopes more than 230 ft (70 m) over a distance of 5.4 mi (8.8 km)
northeast to southwest across the study area, indicates that the carbonate-rich horizon formed on a

land surface subparallel to the current one.



These unconsolidated near-surface sediments compose the fourth and youngest component of
the Quafernary sequence at the study area. They are best exposed in tIencheS that were excavated
near the center of the study area (fig. 3). On the basis of texture and sedimentary structures, the
sediments overlying the uppermost calcrete can be divided into three subunits: |

(1) The lowest is a layer of massive, gravelly, muddy sand that overlies the petrocalcic
horizon. Its upper contact is abrupt and relatively flat (ﬁgs. 4 and 5).

N (2) Overlyihg the lowest subunit is a layer of sandy silt to silty sand, with small-scale, low-
angle trough crossbeds. Its upper contact is gradual and irregular and cannot be traced uniformly
throughout the exposures in the trenchcs. The contact is marked by an upward decrease in the
number and lateral extent of crossbeds. - |

(3) The third subunit has no crossbeds and is slightly finer grained than eifher of the two
underlying subunits. It is predominantly sandy’ mud or sandy silt with some slightly ‘gravelly,
muddy sand locally.

These strata have radiocarbon ages ranging from 1,440£80 yr B.P. about 10.6 inches
(27 cm) below the surface to 7,510£100 yr B.P. (all corrected for 8'3C) at about 20 inches (50 cm)
above the petrocalcic horizon (fig. 6).“ Details of the technique used for dating are available in
White and Valastro (1984) and Haas and.chers (1986). These are bulk samples of organic
residues from the sediments; consequently, they represent the average age of organic matter in each
sample. The horizon that is dated 1,440+80 yr B.P. is covered with only 10.6 inches (27 cm) of
younger sediment. Apparently, the ground surface at this location has been aggrading slowly for
ébout the last 1,400 yr. ’ |

A snail shell was collected 5.6 ft (1.7 m) below the ground surface in the southeast wall of
trench 4, from the fine sandy crossbedded unit that overlies massive gravelly sand (fig. 5). Itisa
Hawaiia neomexicana (identified by Dr. Raymond Neck, Texas Parks and Wildlife Department).
Snails of this speéies are extant in the region today (Mvetcalf,‘ 1984), énd their shells have been

collected from the surface at the study area. They are adapted to protected sites with reduced



desiccation stress, such as decaying leaf litter or the underside of rocks or wood (Raymond Neck,
written communication, 1989). :
On the basis of similarities in radiocarbon ages from this and the Organ geomorphic surface
in southern New Mexicd, and on similarities in their positions relativé to other geomorphic
surfaces, the study area is interpreted to be on the Organ geomorphic surface. This is the youﬁgest
major depositibnal surface of the post-Camp Rice sequence (Gile and others, 1981). The bulk of
Organ alluvium accumulated between 6,400 yr B.P. and 2,200 yr B.P. (Gile and others, 1981).
| 'Siinilarly, most alluvium above the petrocalcic horizon at the study area accumulated between about
7,510 yr B.P. and 1,440 yr B.P. (fig. 6). | |
| Accretioﬁ rates of the sediments that overlie tﬁe petrbcalc_ic horiion have been calculated on
thebbasis of thesé radiocarbon dates (table 1). Accretion rates range from 0.007 to 0.08 in/yr (0.18
to 2.08 mm/yr). There is a marked change to lower rates after 7,010£200 yr B.P. (table 1). Only
one data point is available for the older materials, but the decrease in accretion rate is borne out by
the p,resencev of primary sediméntary structures in the oldest dated horizon (ﬁg. 6). These
sedirnénts accumulated and were buried rapidly enough to protect thé sedimentary structures from
bioturbation. Younger deposits accumulated more slowly. During periods of landscape stability -
these fine{grained materials were burrowed, penetrated by roots, and probany reworked by eolian
processes. The decrease in accretion rate may be a function of change in climate toward drier

conditions, which occurred about 8,000 yr ago (Van Devender and Spaulding, 1979).

Paleoclimate

o During the Wisconsinan Full-Glacial Period, about 25,000 to 14,000 yr ago, the climate of
'fhe Southwestem United States was cooler and moister than it is now (Hall, 1985). In the Late
Glacial Period, 14,000 to 10,000 yr ago, climatic conditions became warmer and drier (Hall,
1985), and a transition from glacial to post-glacial vegetation occurred throughout the Southwest.

- Xeric woodlands of junipér,kor juniper and oak persisted until about 8,000 yr ago in the deserts of



the Southwest (Van Devender and Spaulding, 1979). By then, however, woodland species in the
- lowlands were replaécd by grass (Van Devender and Spaulding, 1979). Woddlands still existed in

the Hueco Bolson east of El Paso from 8,000 to 4,000 yr ago, when théy were replaced by grass

(Horowitz and others, 1981).

According to Van Devender and Spaulding_ (1979), the present-day climate and vegetation of |
the southwestern United States, with short-lived variations, have been estéblished since about
8,000 yr ago. However, Markgraf and others (1984) set 5,000 years ago for the establishment of
the modern climate in the San Agustin Plains of New Mexico, about 150 mi (250 km) northwest of
El Paso.

From about 4,500 to 3,000 yr ago the climate in the study area was moister than it is today
(Horowitz and othefs, 1981; Hall, 1985). Freeman (1972) studied pollen in the Organ alluvium in
Dona Ana County, New Mexico, 30 mi (50 km) north of El Paso. He described a transition from
desert shrub to grass that began between 5,000 and 4,000 yr ago. This represented an increase in
available soil moisture. G;asslémd and shrubland alternately dominated in the Hueco Bolson east of
El Paso (Horowitz and others, 1981). The climate began to dry égain about 2,200 yr- ago
(Freeman, 1972) after a cooler, mesic interval 2,500 yr ago (Bryant and Holloway, 1985).‘
Between 1,700 and 1,500 yr ago, soils were eroded and desert shrub was established in the
northern Chihuahuan Desert, which includes the study area (Van Devender and Spaulding, 1979).
According to Van Devender and Spauldihg (1979), this is the most recent major vegetational
change in the Southwest induced by climate. This period of soil erosion may be represented in the
~ study area by the sharp contact at the base of a soil horizon that has a radiocarbon age of 1,440+80
yr (fig. 6). |

From 1,000 to 500 yr ago, climate in the Hueco Bolson east of El Paso was moister than at
present (Horowitz and others, 1981). Since then, the climate has become drier, except for a brief
period of above-average tree growth and luxuriant grass cover lasting from about A.D. 1610 to

1660 (Horowitz and others, 1981).



~ The oldest dated sediments overlying the petrocalcic horizon in the study area have a
radiocarbon age of 7,510+100 yr (table 1). This age corresponds approximately to the
 establishment of modern climatic conditions about 8,000 yr ago, as reported by Van Devendervand
Spaulding (1979). These data indicate that most of the Quaternary sediments overlying the
petrecaleic horizon at the study area have accumulated within the last 7,500 yr under climatic (and
prebably hydrologic)‘ conditions similar to those that currently prevail. However, the.sediments did
not accumulate uniformly or without interruption. The gravelly channel-fill deposits that are cut
into these strata (fig. 4) and into the petrocalcic horizon below are evidence that deposition and
erosion occurred episodically throughout this period on this surface.

At present, alluvial-fill deposits in arroyos near the study area are being eroded. Two of these
deposits have been radiocarbon-dated (fig. 7). The ages of these terrace deposits (920+70 and
1,330i60 yr B.P.) bracket the age (1,130£90 yr B.P.) of wood found at the base of a gully fill in
- southern Jornada del Muerto Basin, New Mexico (Freeman, 1972). This suggests that filling of
gullies and arroyos occurred throughout the Rio Grande valley in western Texas and southern New
Mexico from about 1,330 to 920 yr B.P. Since then these alluvial deposits have been incised.

~ Determining whether incision in the study area is related to changes in climate in the last
900 yt, to changes in land use in the last 100 yr, or to some other cause is beyond the scope of this
study. It has been established that a period of pronouncede.rroyo development began in the
southwestem United Statee in the second half of the 19th century (Bryan, 1928; Antevs, 1952),
but the causes for this period of regionwide incision are not completely understood. Several
conditions have been proposed, which have been arranged into three groups: random frequency-
| magnitude variations, secular climatic changes, and human land-use changes (Cooke and Reeves,
1976). Short-term changes in climate and vegetation, and changes in land use that affect valley-
floor soils, can contribute to arroyo development, but the relative importance of these conditions
varies from place to place. Concluding their summary of the extensive literature on arroyos, Cooke
and Reeves (1976, p. 189) succinctly observed that “similar arroyos can be formed in different,

areas as a result of different combinations of initial conditions and environmental changes.” The
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evidence of recent vegetation and land-use change in the study area is presented in the following

section.
GEOMORPHIC HISTORY

Since the end of Camp Rice deposition in middle Pleistocene time, the Rio Grande has
incised the bolson fill, possibly in response to a drop in base level due to climatic changes related
to global glacial cycles (Gile and others, 1981). The evidence of cyclic stability and incision by the
Rio Grande is the ;‘stepped sequence of graded surfaces located between the valley floors and
the...piedmont slopes” in southern New Mexico (Gile and others, 1981, p. 48). In the study area,
surfaces probably equivalent to those described in southern New Mexico are found within the
valleys of the major arroyo's (Collins and Raney, 1990). Thus, these arroyo basins began to
develop soon after the first cycle of incision on the Rio Grande. |

During the filling of the Hueco Bolson and the period of cyclic downcutting on the Rio
Grande, normal fault movement was occurring on the Campo Grande fault (fig. 1) (Collins aﬁd
Raney, 1990). This fault is subparéllel to the axis of the Rio Grande valley and is approximately
perpendicular to the axes of the major arroyos that drain the northeastern side of the bolson near the
study area. The fault bisects the arroyo basins about halfway between the Rio Grande and the
Diablo Plateau. During normal fault movement the southwest side of the fault moves down relative
to the northeast side.

Incision by the Rio Grande and movement on the Campo Grande fault enhanced downcutting
in these arroyos. Fault movement would have enhanced incision only upslope from the fault as
streams adjusted to the newly steepcned topographic slope at the fault by downcutting upstream.
However, base-level change on the Rio Grande would have' affected the entire arroyo basin.
Dropping base level on the river would have'caused episodes of incision, thus reestablishing new
profiles on the arroyos that were graded to the new, lower base level. The amount of incision on

the arroyos that can be attributed specifically either to fault movement or to downcutting on the Rio
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Grande is not known. However, because older stream terraces ‘along the arroyos can be correlated
upstream and downsﬁeam from the fault, downcutting on the Rio Grande probably is moie
important than fault movement in controlling major episodes of incision and terrace development
on the arroyos. Fault movement probably initiated localized and/or short-lived episodes of
downcutting. , |

According to Gile and others (1981, p. 48), the evolutiori of the Rio Grande valley in
southern New Mexico and western Texas includes the following steges: (1) excavation of the axial
valley and at least the lower segments of tributary vaﬂeys during waxing and full-glacial intervals;
(2) deposition during waning glaciel and early interglacial times; and (3) relative stability during the
remeinder of a given interglacial interval. According to this scenario, the Rio Grande is now in a
period of relative stab111ty, Wthh should persist unt11 the onset of a climatic change to wetter
conditions, when valley excavation will recur and the arroyos will probably incise agam
However, within that context of relative stability the arroyos may undergo geomorphic changes
that are unrelated to base-level change on the Rio Grande or to faulting. Natural kprocesses of
meander cutoff, stream capture, and oversteepening due to deposition can cause changes in erosion
and deposmon Furthermore dam construction or destruction and changes in land use and
sedlment yield affect stream behavior. The record of some of these processes is pamally preserved
in the terrace deposits along the arroyos. These deposits and channel networks, evidence of past

geomorphic activity, are described next.

Erosion and Deposition in Arroyos:

Three major arroyos are present near the study area on the northeast side of the Rio Grande
(fig. 1). In general, the recent history of the arroyos upstream from Campo Grande fault has been
one of eontinual downcutting interrupted by short periods of alluviation, as shown by
(1) unpaired, low terraces overlying the Fort Hancock Formation along the arroyos, (2) exposure

of the Fort Hancock Formation in the floor of Alamo Arroyo and its tributaries upstream from the
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fault, and (3) ongoing rcmoval of alluvial fill in the upper reaches of Alamo and Camp Rice
Arroyos by upstream migration of headcuts.

Typical of these deposits is a cross profile in the Alamo Arroyo basin 0.5 mi (0.8 km)
upstream from the Campo Grande fault (fig. 8), which depicts three unpaired, low terraces. All
three terraces are thought to be relatively young because of their low height above the stream and
the absence of well-developed calcic horizons that are characteristic of higher, older terraces. The
three terrace levels are at unequal heights (unpaired) above the present stream. The fluvially
deposited sediments are less than 6.6 ft (2 m) thick and lie unconformably on top of the Fort
Hancock Formation, not on older alluvial fill. This arrangement of relatively thin sediments directly
~ overlying much older bolson sediments at heights that alternate across the stream is the result of
downcutting by the stream as it meandered several times across its valley, leaving overbank and
channel deposits behind. This mode of terrace development is significant because it suggests that
during the recent geologic past, downcutting has been the dominant §ueam process in this basin.
Two other observations support this conclusion: exposure of Fort Harmcock strata and removal of
alluvial fill. The Fort Hancock Formation is exposed locally in channel floors throughout the
Alamo Arroyo basin upstream from the Campo Grande fault. No thick layer of alluvial fill
underlies the channel floor, indicating that the channel is at its lowest level of incision. Where
alluvial fill is present, as in the upper reaches of Alamo and Camp Rice Arroyos and in some
valley-side gullies, it is being eroded as nickpoints migrate headward.

These deposits accumulated during a brief period of alluviation that ended less than about 400
to 1,300 yr ago. This time for the end of alluviation is based on the 4C ‘agcs of organic material in
low terraces along tribﬁtaries of Alamo Arroyo. Carbonized wood from a 5.7-ft-high (1.75-m)
terrace (fig. 7, location A) has been radiocarbon-dated at 920170 yr B.P. Alluvial fill from a 7.7-
ft-high (2.35-m) terrace in the arroyo just west of the study area (fig. 7, location C) has been
radiocarbon-dated at 1,330+60 yr B.P., age-cor;ected for 813C. The datc was obtained on the
humic acid fraction of the organic humates in a sandy, silty,. clayey organic layer. The dating

technique is described by White and Valastro (1984) and Haas and others (1986). This date is the
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mean residence time of organic matter in the soil and indicates that organic matter in this deposit
began to accumulate at least 1,330 yr ago. The time of onset of accumulation is not known; hence,
the mean residence time is taken as the minimum age of deposition of this alluvium. The organic
- layer is part of the alluvial fill, 4.9 ft (1.5 m) thick locally, which unconformably overlies older
bolson (Fort Hancock Formation) sediments. At present, the organic layer is exposed upstream
and downstream for a total distance of about 130 ft (40 m) on both sides of the ihciscd channel.
The organic horizon accumulated on a relatively flat, gently sloping surface within the arroyo
valley.

In this arroyo, as in others, alluvial deposits can be traced upstream along the arroyo onto the
low-relief alluvial slope between the main arroyo valleys. There, the alluvial fill covers the bottoms
of shallow swales where ephemeral streams flow across the alluvial slope. The alluvium probably
was once a continuous deposit, extending from the alluvial slope down into the érroyo at an angle
slightly greater than that of the present arroyo slope. Now this alluvial package is being excavated
near the upper end of this arroyo where a 10-ft-high (3-m) nickpoint marks the eroding edge of the
alluvial fill. Because alluvial fill throughout the study area is being incised by headward-advancing
nickpoints, it is possible that climate is the cause of this widéspread change from alluviation to
incision.

Climate of the Hueco Bolson became increasingly drier beginning about 500 yr ago
(Horowitz and others, 1981), and there is evidence in southern New Mexico of a severe, short-
term drought that began about 500 yr ago and lasted about 50 yr (Hall, 1985). More recently,
desert shrub vegetation expanded in the Hueco Bolson near El Paso between 1835 and 1905,
reportedly as a result of drought and overgrazing (Horowitz and others, 1981). These shifts in
climate may have induced erosion of the alluvial fill that had accumulated previously. It is not

known to what extent livestock grazing in the study area has affected vegetation cover there.
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Drainage Pattern Change

Stream capture may have enlarged Alamo Arroyo basin upstream from the Campo Grande
fault at the expense of Camp Rice Arroyo. Alamo Arroyo is the widest of the three basiné and has
the largest drainage area upstream from the fault (fig. 1). The width of Alamo Arroyo basin
increases about 4.5 times upstream from the fault, from 0.9 to 4 mi (1.4 to 6.4 km), with more
than 75 percent of this expansion toward Camp Rice Arroyo. The main channel of Camp Rice
Arroyo flows close to the drainage divide between the two arroyos, at one point less than 2,400 ft
(730 m) away. This suggests that Pear Canyon (fig. 7), which is adjacent to Camp Rice Arroyo
and now drains into Alamo Arroyo, previously may have been part of the Camp Rice Arroyo
drainage system. The tributary from Pear Canyon that now flows into Alamo Arroyo makes a
sharp 55-degree change in direction from S42°W to N83°W within 2,600 ft (790 m) of the drainage
divide between the two arroyos. Further evidence of possible stream capture is furnished by short,
relatively deep valleys between Alamo Arroyo and Camp Rice Arroyo (fig. 7). They are not
currently connected to drainage networks ﬁpslope, but in the past they may have carried overland
flow into Camp Rice Arroyo from Pear Canyon or from the area now lying between the two
arroyos. They may have been beheaded by a ﬁ‘ibutary of Alamo Arroyo that miérated eastward and
captured their headwaters. |

The Cainpo Grande fault has affected basin development. The drainage networks of all three
arroyos expand abruptly upslope at or near the Campo Grande fault (fig. 1) as a result of normal |
fault movement and readjustment of the drainage system in each arroyo. Nickpoints were created
by surface rupture events where the fault crosses each arroyo. These nickpoints migrated upstream
‘until new profiles were established. This headward advancement of erosion up the drainage
network eventually reached the lower order streams. Extending upslope until they occupied the

entire drainage basin, these lower order streams eliminated unintegrated areas between the basins.
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Downslope from the fault, wheré the arroyo base level is unéffected by fault movemeﬁt,
arroyo basins are narrower, with fewer lower order tributaries (fig. 1). There are areas between the
basins—mostly between 3,550 and 4,000 ft (1,082 and 1,220 m) elevation—that are still not
integrated into the drainage system of the major arroyos. These interarroyo areas are underlain by
the Camp Rice Foﬁnation and covered with coppice dunes. Upslope from the fault the interfluves
are much narrower than they are downslope from the fault (fig. 9). Alamo Arroyo has cut the
deepest valley at the fault, and more Fort Hancock Formation is exposed at the surface upstream
from the fault due to faulting as well as to headward migration of tributaries directly up the alluvial
slope toward the Diablo Plateau. In addition, gravity data show that throw on the Campo Grande
fault is greater at Alamo Arroyo than farther to the Southeast (Keiler, 1990). This means that the
base level of Alamo Arroyo may have been dropped by fault movement more than base levels of
the other two arroyos were and that the Fort Hancock Formation may be closer to the surface of the
footwall block here than farther to the southeast. Clay- and silt-rich outcrops in the Fort Hancock
Formation are almost unvggetated, leaving surface materials unprotected during high-intensity
rainfall. The fine-grained sediments are more coherent than sandy sediments in younger
formations; therefore, more rills can forfn per unit area where Fort Hancock Formation is exposed.
These prccuf/sors to low-order streams collect runoff and expand the drainage petwork, narrowing

the undissected interarroyo drainage divides. This process évcntually leads to higher drainage

density.

Drainage Network Differences

Drainage density is a ‘measure'of the length of stream channcis per unit area of land (Horton,
1932). For this study, drainage density was measured on the extended blue-line network of
streams shown on 1:24,000;scale USGS topographic maps. The blue lines were extended i]pslope
to the highest V-shaped topographic contour. The resulting network was then checked against

larger scale (1:13,680) aerial photos, and drainage density was determined using the line-
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intersection method described by Mark (1974). ‘Because many variables affect drainage density,
including climate, erodibilityk of substrate, basin relief, and vegetation cover (Gre gbry and
Gardiner, 1975; Ritter, 1978), drainage density can be used to describe the interaction between
these variables.

A previqué study showed that mean drainage density and total stream length in a basin were
highly positively correlated (r2.96, p<.02) with various measures of discharge in intermi-tteht
streams in northwestern Texas and northeastérh New Mexico (Baumgardner, 1987). This
relationship suggests that, under similar conditions, areas with highér drainage density Will have
higher discharge than areas with lower drainage density. This correlation is easily understood
because in high-drainage-density areas, runoff travels shorter distances before beihg collected into
channels and is therefore more quickly concentrated and moved downslppe, resulting in higher
discharge.

The arroyo basins near the study area can be divided into five zones on the basis of drainage
density (fig. 10; table 2); from lowest to highest drainage density, these zones are Diablo Plateau,
alluvial slope, scarp, area below the fault, aﬁd dissected surface above the fault. Drainage density
varies from a low value of 2.9 mi/mi? (1.8 km/km?) to a high value of 19.9 mi/mi? (12.3 km/km?).

The relatively high drainage density and high local relief of the escarpment upslope from the
alluvial slope indicate that rainfall on the escarpment will be collected in channels and conveyed
downslope relatively quickly. As runoff reaches the alluvial slope, where channels are not deeply
incised and where drainage density and slopes are lower, the volume of runoff from large storms
may exceed the capacity of the channel network and spread out of the poorly defined ephemeral
“channels, covering wide areas of the alluvial slope with a thin sheet of water. Flooding potential of
the study area is discussed in detail by‘Akhter and others (1990).

The study area is on the alluvial slope that lies between the Campo Grande fault and Diablo
Plateau (fig. 10). The surface slopes away from the Diablo Plateau at about 55 to 65 ft/mi (10 to
‘12 m/km). The topographic coﬁtours onbthis surface are slightly convex in a downslope direction.

Convex slopes tend to disperse overland flow, rather than concentrate it into channels, and as a
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result, drainage density tends to remain low on these surfaces. Drainage density values on the
alluvial slope are lower than anywhere else in the arroyo basins except on top of Diablo Plateau
(fig. 10). |

This measure of long-term interaction between substrate, climate (especially rainfall), basin
relief, and vegetation cover, ihdicates that the alluvial slope where the study area is located is
relatively inactive compared with other parts of the arroyo basins. As the dissected zohe above the
Campo Grande fault expands, the areal extent of the alluvial slope will be reduced. The rates at
which drainage netwqus have grown headward in the historical and recent geological past provide
an estimate for future ratés. These rates and the variables that affect this expansion—substrate,

climate, and vegetation—are discussed in subsequent sections of this report.

Landforms in the Study Area r

The surface of the study area has nine types of natural landforms that can be distinguished by
their shape, loéal relief, elevation and position relative to othéf landforms, vegetation cover, and
grain size of surficial sédimcnts (fig. 11; table 3). Landforms were mapped on aerial photographs
at é scale of aboutv 1:13,680, then checked in the field by describing the vegetation, surficial
sediments, and local topography at surveyed locations in the study area. |

The study area probably -was once predominantly grassland (Horowitz and others, 198 1).
According to Branson (1985), the vegetation on much southwestern semidesert range has shifted
from grass to brush since livestock ranching began there. Branson’s conclusions are based on a

' surﬁ/ey of scientific literature about vegetation change on western rangelands. The primary invaders
of grassland in this region are mesquite (Prosopis glandulosa) and creosote bush (Larrea
btridentata). Their propagation is fbstered by overgrazing (which disperses séeds and contributes to
destruction of the A soil horizon), drought, and, possibly, a decrease in range fires. Some research

_ cit¢d by Branson showed that conversion of desert grassland to desert shrubland was “permanent”

" because of the loss of the A soil horizon (York and Dick-Peddie, 1969). In particular, invasion by
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creosote bush was found to be preceded or accompanied by soil loss (Gardner, 1951). However,
even in areas protected from grazing, woody spécies rwere reported to continue increasing,
probably due to the reduction in range fires (Humphrey and N;ehrhoff, 1958). Other workers cited
a long-term temperature increase since 1900 and altitudinal shifts in xeric species to support their
conclusion that vegetation changes resulted from climatic change and livestock grazing, not from a
reduction in range fires (Hastings and Turner, 1965).

In the study area, creosote bush is present on all landforms and dominates in topographically
high areas where soils are thin and stony (table 3). Mesquite is most common on coppice dunes bﬁt
is also found on other landforms. These observations agree with results reported by Satterwhite |
and Ehlen (1982) for studies in southern New Mexico, where they found creosote bush on shallow
soils overlying bedrock or petrocalcic horizons. Where eolian deposition was occurring, the plant
community was dominated by mesquite. McSquite was prevalent where soil depth was 6.6 ft (2 m)
or more, whereas creosote bush was usually restricted to areas where soil depth was less than
1.6 ft (0.5 m). Potential soil-water-holding capacity controls plant distribution in this area. Tarbush
(Flourensia cernua) and mesquite are less drought-tolerant than creosote bush (Satterwhite and
Ehlen, 1982), hence, their greater abundance on drainage‘ways.

Coml;arison’of aerial photos of the study area taken in 1941 with those taken in 1985 showed
that mesquite-colonized dunes were present in both vintages and that dunes did not change position
appreciably during that period. Woody‘ vegetatiQn on arroyo floors increased during this period.
~ Individual plants that can be seen in both vintages grew larger between 1941 and 1985. Vegetation
cover on the interfluves also increased. Vegetated swales were larger and more individual shrubs
were present on the interfluves in 1985 than in 1941. Thus, a trend toward increasing woody
vegetation can be documented for this period. However, whether this trend is due to overgrazing
or reduction of fires is not known. |

" The plants discussed below are not the ohly one§ in the study area. These species were

selected because their abundance is characteristic of some of the landforms described. Other
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perennial plants aré present, bﬁt most are not as common as those noted here. The letter in
parentheses refers to features on the landform map (fig. 11).

‘Dunes (D) These are eolian deposits of silty fine sand as much as 5 ft (1.5 m) high and 33 ft
(10 m) long. Most are about 3.3 ft (1 m) high and less than 16 ft (5 m) long. Dunes are distinctly
topographically higher than their surroundings. They are moré éommon and better developed in the
southwestern _corner of the study area than elsewhere (fig. 11). They are ridges, hummocky or
branching in plan view on aerial photographs. Distance bctWeen individual dunes ranges from 20
to 65 ft (6 to 20 m). The dune surface is composed primarily of sand (50 tb 90 percent) and gravel
‘(as much as 50 percent, locally), which is brought to the surface by burrowing animals. Dunes are
usually stabilized by woody plants (mesquite, Prosopis glandulosa or the xerophyte, creosote
bush, Larfea tfidentata). Grass is abundant seasonally, and mesquite (as much as 70 percent of all
vegetation) is more cdrnmon here than on any other landform (table',3). Lichen crusts are present
locally on the soil surface.

Drainageway (Dr): This is the lowest mappable surface adjacent to ‘a recognizable channel of
an ephefneral stream. Chz;nnels are usually about 2 ft (60 cm) deep (range = 8 to 30 inches [20 to
75 cm]) And about 5 ft (1.5 m) wide (range = 1.6 to 10 ft [0.5 to 3.2 m]). Where no channel is
present, other signs of concentrated overland flow are evident, such as meandering swales with
thicker vegetation cover, or shallow, discontihuéus swales. Gravel bars and channel lag gravels
are present locally, cqvering as much as 20 percent of the ground surface. This landform is subject
to inundation by overbank flow. Frequency z;nd depth of inundation are not known. Roots of
woody plants (creosote bush, tarbush) commonly are exposed by erosion. The soil cover and
grass are stripped locally in zones 33 to 100 ft (10 to 30 m) wide on both sides of the channel.
Underlying sediment is slightly compacted silty‘ fine sand. Farther from the channel, where grass
inhibits overlana flow, clay drapes are common, with abundant desiccation cracks. Trash lines of
plant debris deposited by overland flow are present, and lichen crusts are common.'Vegetation is
dominantly either creosote bush (as much as 95 percent) or grass (as much as 90 percent), except

locally in swales. Tarbush (Flourensia cernua) is much more common here than elsewhere on this
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or any other landform (table 3), comprising as much as 80 percent of all vegetation. Woody plants
are more common wheré soil cover has not been stripped by overbank flow adjacent to ephemeral
channels. Mesquite is locally common but usually accounts for less than 20 percent of all
vegetation on this landform.

F loodplain (F): This landform is mapped only along the incised reach of Camp Rice Arroyo
in the southeastern part of the study area (fig. 11). The floodplain there is a well-defined surface
adjacent to the channel of Camp Rice Arroyo.

High, topographic (H): Gravel-covered topographic highs are usually about 1.6 ft (0 S m)
(range = 1.6 to 33 ft [0.5 to 1 m]) higher than the surrounding surface. They are 33 to 66 ft (10 to
20 m) wide and 66 to 165 ft (20 to 50 m) long. Most trend southwestward, subparallel to
drainageways. They are higher than adjacent landforms but dé ﬁot have as much local relief as
uplands. These features probably develop into uplands through denudation and preferential erosion
of finer grained sedimcnts around them. Gravel composes 40 to 90 percent of the ground surface;
the rest is silty fine sand. Only uplands have more gravel. No desiccation cracks are present. These
landforms are usually sparsely covered by creosote bush (as much as 90 percent of vegetation
presént). Low coppice dunes are present locally.

Interdune (Id): This 1a\ndform is adjacent to dunes but is topographically lower. The ground
surface is composed primarily of silty fine to very fine sand (20 to 90 percent). deally derived
gravel (carbonate-cemented sand) is pfesent (mostly less than 50 percent), brought to the surface
by burrowing mammals. No channels or swales are visible on aerial pho}ographs, although
ephemeral channels less than 1.6 ft (0.5 m) wide and 1.6 ft (0.5 m) deep may be present between
dunes. Vegetation is primarily creosote bush (75 to 90 percent) with some mesquite (10 to
20 percent) and grass in scattered clumps (5 to 10 percent).

Interfluve (If): This low-relief landform is the most common one in the study area.
Constituting most of the land surface between drainageways, it is intermediate topographically
between drainageways or terraces (lower) and topographic highs or liplands (higher). No evidence

of concentrated overland flow, such as channels, swales, thicker vegetation cover, or exposed
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roots of woody vegetatiovnv, exists on this surface. The surface ?nay have sandy, clayey silt drapes
over silty, very fine to medium sand. Gravel usually accounts for less kthan 30 percent of surface
sediment, but local outcrops of 80 percent gravel are present. Most gravel is less than 1.2 inches
(3 cm) in diameter and is mostly carbonate-cemented sand, which is derived from the petrocalcic
horizon that underlies the ground surface. Desiccation cracks are common locally.. Small
(220 inches [50 cm] high and as much as 16.5 ft [5 m] long) coppice dunes may be present.
Creosote bush is common, usually abput 80 percent éf vegetation present. Mesquite, grass and
fofbs, cactus And yucca,‘ and tarbush (where present) each account for between 1 and 30 percent of
all vegetation (table 3).

Slope (S): Identified mostly by its distinctly sloping surface, this landform lies between a
higher surface, such as an upland, and a lower surface, such as a drainageway. It is covered with
locally derived sediment. The ground surface is composed of fine to coarse silty sand (60 to
80 percent) and gravel (20 to 40 percent). Desiccation cracks are common and lichen crusts are
present locally. Vegetation is predominantly creosote bush (as much as 90 percent), mesquite,
cactus and yucca, and grass and forbs each comﬁosing as"much as 5 percent of the vegetation.
Vegetation cover is slightly thicker than on topographic highs.

Terrace (T): In the study area, these alluvial surfaces are found only along the incised reaches
of Camp Rice Arroyo and a tributary to Alarﬁo Arroyo (fig. 11). They slope downvalley and
toward the stream channel. They are remnants of a former floodplain of the stream before it incised
to its present level. Because they contain parts of former floodplains and drainageways, the surface
sediments are similar to those seen on those landforms. The surface sediment is locally gravelly
where srhall fans build up at the mouths of valley-side gullies that debouch onto the terrace surface.
Creosote bush is the dominant perennial plant species. }

Upland (U): These featurcs have the highest local relief in the study area. They are
distinguished from topographic highs on the study area by greater local relief. Uplands are as much -
as 10 ft (3 m) higher than adjacent landforms. Steepest slopes on their flanks are about 6 percent.

These are the least common of the landforms described. All three are in the east-central part of the
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study area, near the county rqad (fig. 11). Gravel covers the ground surface in greater
éoncentration than énywhere else (70 to 95 percent). The rest of the surface is silty very fine to
coarse sand. Desiccation cracks are not well-developed, indicating a lack of clay. Vegetation cover
is mostly creosote bush (80 percent), with minor amounts of mesquite (10 percent), grass and
forbs (5 percent), and cactus (5 percent). In aerial photographs, the texture of this landform
appears smoother than that of others, probably because vegetation is less dense and plants are
smaller. These are well-drained features, having less water available for plants than do
drainageways; hence, the abundance of creosote bush and scarcity of mesquite. Uplands may be
gravelly facies of alluvial debris derived by erosion from outcrops of limestone and sandstone
along the Diablo Plateau escarpment.

One manmade feature (roads) in the study area has had an important impact on landforms.
Because the topographic relief 6f the study area is low (slope = 1 percent) and ephemeral stream
channels are shallow (usually less than 2 ft [60 cm]), the graded county roads, which are as much
as 2 ft (60 cm) lower than the adjacent surface, capture streamflow wherever they intersect the
natural drainage network. As a result, runoff is concentrated in the roads, and its erosive power is
thereby increased. The effects of this process can be seen during and after high-intensity rainfall
cvénts, when roads fill with water and act, csscntially, like manmade streams. After the water
recedes,. the effects of overland flow are plainly visible. The roadbed is locally scoured clean of
fine-grained sediment, revealing the strongly cemented petrocalcic hbrizon underneath. The long-
term effects of this drainage diversion could include accelerated retreat of headcuts in arroyos
downstream from the roads, initiation of nickpoints on the upstream sides of the roads where they

intersect natural channels, and transformation of the roads into incised gullies.
PRESENT-DAY PROCESSES

The most important geomorphic processes currently occurring in the study area result from

rainfall and runoff. The nature of rainfall that typically occurs there, and its effect on erosion and
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deposition, are described in the following section. The results of erosion and deposition are seen in
the retreat of headcuts in arroyos and gullies and in the formation of surface-collapse features

(fissures). Runoff is the primary agent forming these features.
Rainfall

To monitor _réinfall at the study area and upstream from it, four coﬁtinuously recording rain
gauges were installed in July 1988 (fig. | 12). These gauges measufe rainfall in 0.2 mm increments,
and are accurate to =1 percent at rainfall intensities as much as 76 mm/hr (Meteorology 'Research,
Inc., 1979). On the north side of the study area, a meteorologic station with a sirhilar rain gauge
has been operated by Texas A&M University since June 1988; That rain gauge measures
precipitétion in increments of 0.01 inches. Erosion pin fields were installed near each rain gauge in
July and August 1988 to monitor erosio}n'and deposition. Crest-stage gauges were installed near
each pin field in October 1988 to monitor depth of overland flow. Finally, five rebar fields were set
up in July 1989 to monitor headcut retreat on calcrete outcrops in gullies on the south and west
sides of the study area. | |

The maximum 0.5-hr, 1-hr, and 24-hr rainfall events that occurred during this study and their
recurrence intervals are shown in table 4. The lafgest 0.5-hr event recorded between July 15,
1988, and December 31, 1989, was 34 mm at the East rain géugé. On the basis of interpolation
betweeli isohyets on maps of rainfall recurrence intervals (Hershfield, 1961), this rainfall intensity
has a 25-yr recurrence interval. As is common for cohvective-cell thunderstorms, this rainfall was
limited in its areal extent. Precipitation amounts for the same storm at other rain gaﬁgcs in the study
area less than 2 mi (3 km) away were less than one-third the maximum (fig. 13). Maximum values
of the 0.5-hr rainfall for other storms at other gauges did not exceed a 10-yr recurrence interval
(table 4).

Maximum values of 1-hr and 24-hr rainfall amounts recorded during the monitoring period

have recurrence intervals of 10 yr or less (table 4). None of the 1-hr or 24-hr events recorded
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duﬁng the monitoring period equalled the maximum intensities of events that have been recorded in
El Paso, which is about 40 mi (65 km) to the northwest.

The total rainfall for calendar year 1989 at the 5 rain gauges ranged from 5.2 to 9.3 inches
- (131 to 237 mm). Short data gaps in the records for Center and East. gauges were filled by using a
Thiessen network ‘o“f polygons (Linsley and others, 1949). The polygons were formed by drawing
perpendicular bisectors of lines connecting the gauges that had data for those dates. Rainfall
amount at the gauge with data was assigned to the gauge in the same polygon that had a data gap.
The mean annual rainfall from 1966 to 1987 at Fort Hancock was 11 inches (280 mm) (J. R.
Scoggins, Texas A&M University, written communication, 1989). Assuming that during the same
period, rainfall at the sfudy area was approximately the same as that in Fort Hancock, which is
about 11 mi (17 km) from the nearest gauge, then 1989 was a drier than average year at the study.

area.

Erosion and Deposition

Short-term

To monitor erosion and deposition in the study area, erosion pin fields were installed near
each rain gauge. Erosion pins are nails that are 10 inches (25 cm) long and 0.4 inch (1 cm) in
diameter that have been inserted through a metal washer. Initially, each pin was driven vertically
about halfway into the ground and the washer rested on the ground. Pin-to-ground and pin-to-
washer measurements were recorded. Pins were remeasured monthly if a single 1-hr rainfall event
greater than 0.5 inch (12.5 mm) occurred during that time (table 5). Otherwise, they were
measured about every 4 months. Cumulative pin-to-ground measurements for each pin are
presented in figure 14. These values represent total change over the entire monitoring period. Some
pins recorded erosion and deposition during this time, but only the cumulativé result is presented

here.
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~ The effect of large runoff events is reflected in the data collected from erosioh pins. Of the 23
pins that recorded more than 0.2 inch (0.5 cm) of cumulative erosion or deposition during the
monitoring period (fig. 14), 17 are in pin fields adjacent to ephemeral stream channels, and 4 of
those 17 are in the channels themselves. At 13 of these 23 pins most of the erosion or deposition
occurred within the first month of the monitoring period, when two of the most intense rains of the
entire study were recorded d ulyb 19 and 29, 1988) (table 4). Two more pins ‘rccorded most of thei‘r‘
deposition in August 1989, as a result of the second most intense 0.5-hr rainfall recorded at the
study area (North gauge, table 4). In these pin fields, runoff resulting from intense rainfall is the
principal agent transporting sediment. No measurable eolian transport has occurred.

Overland flow is the primary means of sediment transport, as shown by the numerous
shallow rills that cross the pin fields and by the small (usually <2 cm high) piles of plant debris
(trashlines) that remain behind after runoff has ceased. Some sediment is dislodged by rainsplash,
as indicated by sand grains adhering to the sides of erosion pins and rain gauges after rainstorms.
But, there has been no significant chelopment of hoodoos (earth pillars) beneath the metal
washers around each pin. This indicates that sediment removal by raindrop impact has been
negligible. Furthermore, slopes in‘ the pin fields are so low (mostly <3 degrees) that there is no net
downsiope transport of sediment by this mechanism. |

Although there is a wide range in the amount of cumulative erosion and deposition measured
by the erosion pins, nearly half of the pins recorded 0.04 inch (0.1 cm) or less of cumulative
erosion or deposition between July 1988 and September 1989 (the last time pins were measured)
(fig. 14). Thus; nearly half of the erosion pins are recording little or no change in the level of the
ground surface. Several factors were examined to determine their effect on erosion and deposition.
These includcd local setting (such as rill, channel, or slope), angle of local slope, percent bare
surface, percent gravel, pércent sand, silt and clay, and presence or absence of a lichenous soil
crust. Linear and simultaneous regressions of several factors were performed using either erosion
or deposition as the independént variable. Each of the environmental factors was the dependent

variable. No simultaneous regression of more than one variable increased the level of significance
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of those variables considered independently. Thus, there is no justification for considering the
variables simultaneously.

Erosion is significantly positively correlated with absence of lichen crust (r = .26, p = .05)
(fig. 15a) and with percent bare surface (r = .26, p = .05) (fig. 17), and, at a higher level of
significance (r = .43, p =.01), with 1ocal setting (fig. 16). Deposition is signiﬁcanﬂy positively
correlated with absence of a lichen crust (r = .33, p = .01) and with local setting (r = .48, p = .01)
(figs. 15b and 16, respectively).

None of the other conditions that were examined have a significant effect on erosion or
deposition. Slope angle does not significantly affect erosion or deposition. Neither does soil
texture. The texture of surface materials at each pin was estimated by a point count conducted using
a photograph taken about 4.3 ft (1.3 m) directly above each pin. The photograph was projected
onto a grid and the texture at each grid intersection was tabulated. Gravel ranges from O to
64 percent, sand ranges from 0 to 91 percent, and silt and clay ranges from 4 to 100 percent.
Percent gravel and percent sand, silt and clay are not significantly correlated with erosion pin
measurements. Laboratory-derived particle-size data are not available for surface materials at every
pin. However, a fepresentativc surface sample was collected at each pin field for laboratory
analysis. Most samples were silty sand. Three, with small amounts of gravel (<6 percent), were
gravelly, muddy sand.

To determine if extreme values (outliers, which were identified as Studentized residuals) of
erosion and deposition were significantly affecting their correlation with lichen presence (fig. 15)
and percent bare surface (fig. 17), these extreme values were dropped and correlations were
recalculated. Whereas this slightly increased the value of the correlation coefficients (r), it did not
raise their significance (p). For example, dropping a single outlier (0.6 inch [1.6 cm]) from the
regression of erosion versus the presence or absence of lichen (fig. 15a) raised r from .26 to .29,
but the higher r value is still significant at the p = .05 level. Therefore, no justification exists for

eliminating these outliers from the data set.
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;
Thus, for the data available, only three environmental conditions that have been measured

have a significant effect on erosion and deposition: absence of lichen crust (fig. 15), local setting
(fig. 16), and percent bare surface (fig. 17). However, the r values are quite low (<.48), and the
highest r value accounts for less than 25 percent of the variability in deposition observed. Clearly,
other conditions are affecting sediment transport.

Both erosion and deposition are positively correlated with absence of lichen crust (fig. 15).
The presence of a crust indicates a stavble surface, undergoing neither erosion nor deposition.
Absence of a lichen crust probably is an effect of erosion and deposition, not a cause of either one.

‘Erosion is positively correlated with percent bare surface (fig. 17), but deposition is not
negatively correlated with percent bare surface. This suggests. that végetation protects the surface
from erosion either by blocking direct raindrop impact or by inhibiting overland flow, but it ‘does
not promote deposition. Nevertheless, the correlation coefficient between erosion and percent bare
surface is quite low (r=.26), indicating that other factors account for most of the variability in
~ erosion.

Although the highest values of correlation coefficients are associated with setting, the effect
of local setting on erosion or deposition is not straightforWard (fig. 1"6). Highest values of
deposition occur in rills and on channel floors. Highest values of erosion occur in flat areas, local
lows, and rills. In general, these results suggest that rills are the most active environments,
undergoing erosion and deposition. Channels are undergoing more deposition, locally, than
erosion. Flat areas and local slopes are abouf equally affected by erosion and deposition. Local
highs are characterized by low-magnitude erosion, and local lows commonly undergo depositioh.

In summary, these results indicate that for the short period of observation (14 months)
deposition is more common than erosion in the environments being monitored. Even in channels,
where more sediment probably is being transported, deposition occurred more frequently than
erosion. The mean and median values for all pins are close to zero. The monitoring period is too
short to be the basis for any predictions about future surface stability. But, as expected, most

sediment transport occurs as the result of runoff from high-intensity, low-frequency rainstorms.
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Although most measures of the pin environment showed little or no effect on erosion or deposition
during this study, these conditions may show some influence on sediment transport after more

runoff events have occurred.

Long-term

The recent stability of the surface in the study area can be inferred from archeological
evidence. A projectile point; a sherd of brownware pottery, and a uniface grinding stone (mano)
were found together in the north part of the study area. These objects provide “minimal evidence”
of the age of the archeological site where they were found (Gerald, 1988). The projectile point and
ceramic sherd indicate that the site may have been occupied from about 4000 B.C. until A.D. 1100
(Gerald, 1988). The artifacts wére found near hearths containing soil blackened with charcoal. If
these objects are contemporaneous with the hearths, then the surface in their vicinity has been
stable for at least 900 yr. The presence of a 1,400-yr-old soil horizon at fissure 1 within about
10‘inches (25 cm) of the ground surface supports the conclusion that the surface of the study area

has been relatively stable, aggrading and degrading locally, for several hundred years.

Rates of Arroyo-Fill (Gully) Erosion

Two methods were used to calculate rates and amounts of headcut retreat in alluvium in
arroyos around the study area (table 6). First, Vradiocarbonbages of alluvial sediments were used to
estimate long-term rates of erosion since alluvial sediments were deposited. Second, headcuts were
located on aerial photos of different vintages. The distance between headcuts on the same arroyo

on different vintages was divided by the time between vintages to yield a rate of headcut retreat.
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Radiocarbon ages

The radiocarbon ages of sediment samples collected in the study area shed light on the history
of erosion and deposition there. A piece of carbonized wood 1n an alluvial terrace west of the study
area was radiocarbon-dated at 920£70 yr B.P. (fig. 7, location A). A sample was collected from ‘a
shallow soil horizon exposed in a gully wall at the western edge of the study area.(fig. 7,
location B). It has a radiocarbon age of 400£70 yr. A third sample was collected from a terrace in
the tributary of Alamo Arroyo that drains the north half of the study area (fig. 7, location C). The |
organic matter in the soil has a radiocarbon age of 1,330+60 yr. All three deposits are now buried
by younger sediments but are exposed in cutbanks. Apparently, within about the last 400 to
1>,300 yr, accumulation of alluvial sediments at these locations has been interrupted by headcﬁt
retreat, which has exposed the buried horizons. |

Assuming that (1) the‘ organic material in these deposits was only a few years old when
deposited, (2) the organic matter was deposited in the alluvium just before it began to be incised,
(3) the headcut was just downstream when the organic matter was deposited, and (4) the allﬁvial
fill was a continuous deposit upstream from the headcut, the rate of headward advance of the
headcuts ranges from about 1.6 inches (4 cm) to 5.2 ft (1.6 m) per yr (table 6). Although thgse
rates are high, they apply only to erosion of the unconsolidated alluvium in the arroyos. They do
not apply to the older sediments underlying the study area that form the interfluves between
arroyos. The variability in rates (more than an order of magnitude) is partly a function of the
incomplete preservation of these deposits, which controlé sampling location. For example, if a
suitable outcrop of the sb‘il horizon at location C had been exposed farther downstream, the
distance and rate of retreat would have increased, approaching the values derived from the other
locations. |

The fo&r assumptions used also affect the calculated retreat rates. Assumption 4, which tends

to maximize the calculated rate, probably has the greatest impact. It proposes that the alluvial fill '
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betWeen the dated deposit and the present headcut was removed by the advance of a single headcut.
If the alluvial fill upstream from location A were originally discontinuous instead of continuous, as
is assumed, then the calculated retreat distance and rate would be less than that shown (table 6a).
_ Therc is some evidence for this possibility. There may have been several headcuts upstream from
the dated deposit, as there are now on Camp Rice Arroyo, and the alluvium may have been
removed in stair-step fashion. Conversely, assumption 3 tends to ‘minimize the calculated rate. If
the original headcut had been farther downstream than its assumed position near the dated deposit,
the calculated distance and rate would be greater than that shown (table 6). Assumption 2
minimizes retreat rate by proposing that incision began soon after deposition. Likewise,
assumption 1 minimizes retreat rate by propo’sing that the dated deposit is not contaminated with
older, reworked organic matter. The opposing effects of assumptions 3 and 4 are about the same
magnitude and cancel one another out, to some extent. Because the actual time of onset of incision
is unknown, the magnitude of the effect of assumption 2 is unknown. Given the mode of
deposition of the dated organic matter, assumption 1 is probably quite reasonable and therefore

gives an accurate retreat rate.

Photointerpretation

Analysis of aerial photos taken in 1941, 1971, 1974, and 1985 shows that measurable
headcut retreat has occurred within the last 50 yr on Alamo and Camp Rice Arroyos (table 6).
Headcu£ retreat was observed on 103 separate headcuts around the study area, which is less than
half of the headcuts that can be seen on arroyos and valley-side gullies at the area. The limit of
resolution of measurable erosion indicated in the photographs is about 50 ft (15 m), or 0.04 inch
(1 mm) as measured on the 1985 photographs (table 7). Headcut retreat less than 50 ft (15 m)
cannot be reliably mapped because of the lower resolution of the 1941 photographs and because of
differences in shadow orientation. Headcuts are easiest to see where they are accentuated by

shadows. But shadows in the low-sun-angle photographs taken in 1985 are oblique to shadows in
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the older vintages. Consequently, the headcut can appear to have moved when only the shadows
are oriented differently. Nevertheless, it was possible to identify several headcuts that were
unchanged from 1941 to 1985. Thus, a lower limit (no change) of headcut retreat was established.

Between 1941 and 1985 the amount and rate of headcut retreat in-alluvial fill on the arroyos
varied by a factor of about 4. The headcut in Camp Rice Arroyo (table 6b, location D) retreated
almost four times as far as the headcut in Alamo Arroyo (table 6b, location C). The area of the
drainage basin upstream from each headcut does not account for the differences in amounts and
rates of headcut retrcat‘(table 6b). Although headcut retreat occurs as a result of runoff, area cannot
be used as a substitute for discharge for two reasons..Firsf, runoff-producing storms in this
region, as in most deserts, commonly cover only part of the drainage basin upstream from a given
ppint. (fig. 13). S‘econd, in arid and semiarid regions, stream discharge tends to decrease
~ downstream due to transmission losses into the streambed (Reid and Frostick, 1989).

It is also possible that this difference in retreat rate may result from a data record that is short
relative to the recurrence interval of the erosive events, which is analogous to the erosion pin data
discussed previously. Because runoff-producing storms occur episodically, one must conclude that
headcuts retreat episodically. Hereford’s (1987) study of erosion in a small (1.1 mi® [2.8 km?])
basin in a similar climate (semiarid) showed that sediment was deposited in a reservoir only 21
times in 38 yr. Hence, it is possible that headcut retreat in the study area occurred only a féw times
during the 44 yr covered by aerial photographs, and that storms did not cover the areas upstream
from each location in figure 7 cqually, Furthérmore, the period of observation is an arbitrary one,
based solely on when the photographs were taken. As a result, retreat rates are artificially
controlled by the coincidence of rainfall events with the photographs. For example, if a rare, high-
magnitude rainfall event occurred a year before the first photographs were taken instead of a year
after, the rate of headcut retreat would appear to be much different.

However, an important comparison can be made between locations that are close to one
another on the same stream and, presumably, have the same rainfall-runoff history from 1941 to

1985. Locations C and E are only 1900 ft (580 m) apart on the tributary that drains the north part
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of the study area (fig. 7). At location E the headcut in a Stage IV carbonate-cémentcd horizon has
retreated only 150 ft (45 m) since 1941, at an avérage rate of about 3.3 ft/yr (1 m/yr) (table 6b).
This rate of retreat is about half that of location C just downstream in alluvial fill, suggesting that
the petrocalcic horizon may inhibit headward migration of nickpoints on streams in the area.
Analysis of headcuts in valley-side gullies supports this conclusion. Few headcuts on carbonate-
cemented boutc'rops in valley-side gullies were eroded a measurable amount between 1941 and
| 1985. But at the satﬁe time headcuts in alluvi‘um in the valley-side gullies advanced an average of
490 ft (150 m) (table 6b). |
An upstream-progressing wave of erosion does not appear to be moving systematically
through valley-side gullies, as a result of headward movement of nickpoints on the main arroyds,
past the junctions between the gullies and the arroyos. Incision in valley-side gullies does not
appear to be a function of upstream drainage area of the guily. Some gullies have incised adjacent
to others that have not, whose drainage area and slope are similar. Alluvium now being incised is
in preexisting gullies. So, gullies eroded and filled before 1941, and eroded again between 1941
and 1985. |
At the three locations with retreat rates based on photointerpretation and radibcarbOn-dated
material (fig. 7, locations A, B, and C), modern rates of retreat in alluvial fill are 4 to 55 times
faster than those based on radidcarbon dates (table 6). This increase in retreat rates may occur
partly because of Chaﬁges in climate or vegetation cover that enhance runoff and headcut retreat and
partly because the older rates are based on longer periods of time. In fact, the headcuts may have
retreated at rates similar to the modern ones for brief periods, and been unchanged the rest of the
time. Finally, as discussed, part of the apparent increase in modern rates probably is an artifact of

the arbitrary 44-yr period used for calculating the modern rates.
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Fissure Development

Introduction

The following discussion of fissures makes a distinction between the fissure at the ground
surface and the subsurface fracturé that underlies it. The underlyihg fracture is an extensional
feature that localizes the formation of surfabe collapse structures compbsing the fissure. The
| fracture extends from the base of the shallow surface collapse feature to at least 20 ft (6 m) below
the ground surface, and is usually bct\}vcen 0.8 and 1.6 inches (2 ahd 4 cm) wide. Typically it is
filled with sediment; however, lbcally there are openings in the fracture fill. Opposite sides of the
fracture commonly display mirror-image symmetry. The fissure is the surface feature composed of
alighed holes and depressions _that form when surficial sediments collapse into soil pipes or are
washed into the underlying fracture. The widths and depths of the holes depend on the degree to
which they have been eroded and filled with sediment. Widths and depths of 3.3 ft (i m) of
collapse features are common in fissures at the study area. In profile, the bottom of the fissure is at
the highest point of the tension fracture where extensional opening prpdominates over collapse of

sediment.

Fissures in the study area

~ Surface-collapse features. Three surface fissures ranging in length ‘from 67 ft (20.5 m)
(fissure 2) to 460 ft (140 m) (fissure 1) have been found at the study area (fig. 18). Shalldw pits
were dug by hand as deep as the petrocalcic horizon at all three fissures. Deeper trenches were
excavated at fissure 1 (fig. 19); consequently, more detailed descriptions aré available for this
fissure and for the fracture beneath it. One relict fracture, with no fissure above it, has been
exposed in the floor and walls of a 20-ft deep (6-m) trench at the study area (fig. 18). Because the

fracture is filled with sediment, a fissure must have formed above it at some time. The fissure has
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‘been obscured ork removed by subsequent erosion and deposition on the surface above fhe fracture.
The relict fracture is at least 100 ft (30 m) long, which is itsékposure across the width of the
trench. The surface fissures in the study area are composed of aligned surface-collapse and piping
features, which are roughly wedge- to slot-shaped, narrowing downward in proﬁle. Maximum
depth of collapse features is 4.4 ft (135 cm); maximum width is 5.2 ft (157 cm). Both maxima
were seen at the longest ﬁssﬁre (fissure 1). At fissures 2 and 3, collapse features are as deep as the
top of the petrocalcic horizon, about 21.5 to 24 inches (55 to 60 cm). Most collapse features at
' fissure 1 are about a meter deep and less than a meter wide. Width/depth ratios of the ‘ﬁssures,
which increase as the fissures are eroded and filled with sediment, ran ge from 0.2 to 2.0 (table 8).
The collap‘se features are discontinuous, separate& by bridges of sediment ovef horizontal soil
“pipes. Locally, as much 'as 33 ft (10 m) of dncollapsed material lies between these holes (fig. 19),
but §pacing between them is more cor‘nmonly‘ 3310101t (1 ’to 3 m).

x The widest and longest collapse features are near the middle of fissure 1. The smallest
collapse features are near the northwest and southeast ends of the fissure (fig. 19). These
observations suggest (1) that the largest collapse features are the oldest ones at this fissure because
they have been eroded more by overland flow and (2) that the fissure has propagated 1atera11y away
from an origin near its center. Fissure 1 is composed of two, or possibly three, arcuate segments.
The two principal segments overlap slightly between trenches 3 and 4 (fig. 19). The southeastern
segment may be composed of two‘smailer segments that overlap a few meters southeast of
trench 4.

All three fissures in the study area are located in topographic lows where vegetation is thicker
than that in adjaeent areas (fig. 18). Fissure 1 trends N55°W, oblique to local drainage. It lies in a
topographic‘ low that has about the same orientation. Fissure 2 is oriented about N50°W,
subparallel to the tepographic low in which it lies. Fissure 3 is a curvilinear feature that is reughly
perpendicular to dfainage’. Its orientation, measured end-to-end, is N20°E. At fissures 1 and 3, leaf
litter ahd branches ‘have vwashed into the collapse features, evidence that the fissures are capturing

runoff. There are small, uncommon accumulations of gravel in fissure 1, probably derived locally
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from the ground surface or eroded from the fissure wall. FisSure 3 cxténd_s upslope beyond the ‘
topographic low where the vegetation cover is relatively thick.-On the less-vegetated slope, grass
and forbs are moré common within 6;6 ft (2 m) of the fissure than farther away, indicating that
moisture confent of the soil near the fissure is high enough to enhané,c gfowth of annual plants._
Runoff captured by the fissure in the topographic low probably moves laterally thiough the fissure
system to points outside ’that low. The relict fracture has no'ﬁssure above it, nor is it in'a
topographic low. But, when it opened and was filled it may ﬁave intersected a topographic low that
is no longer appa:ent. |

F racture& and fracture fill. At the study area, all known fissures are underlain locally by a
fracture that is subparallei to surface—collapse features. The fracture narrows downward at fissure 1
from a maximum of 2.6 inches (6.5 cm)rat a depth of 12.5 ft (3.8 m) to 1 inch (2.5 cm) ata dépth
of 18.4 ft (5.6 m) (pl. 3). Maximum width of the fracture in the top of the petrocalcic horizon at
fissure 2 is 2.8 inches (7 cm). Widths of 0.8 to 1.6 inches (2 to 4 cm) are typical of all fractures,
including the relict one. The maximum widths may result frorﬁ widening of the tensional fracture
by local erosion and collapse of the walls. Where their walls héVe eroded little and display mirror-
image symmetry, fractures are typically 1.2 to 1.8 inches (3 to 4.5 cm) wide.

The fracture below fissure 1 is at'least 20 ft (6.2 m) deep, the maximum depth of .trench 3
(pl. 3). The relict fracture is exposed to a similar depth. Thb fracture at fissure 1 may extend
several metefs deeper than this. If one assumes downwafd movement and storage within the -
fracture of all material rhissing from the widest collapse feéture at the surface (which has a cross-
sectional area of 9.7 ft? [9,000 cm?]), a fracture 1 inch (2.5 cm) wide would have to be 116 ft
(36 m) deep to accommodate the same amount of sedimcnt; However, some of the sedimeht
missing from the collapse feature may have been compacted by wetting or flushed out of the ‘
fracture and into porous gravel layers on either side of the fracture (plL. 3). If this has occurred, the
fracture :could be shallowef than the 116 ft (36 m) estimated. Some evidence for a shallower depth-
exists. The fracture at fissure 1 branches at a 16.5-ft (5-m) depth, and each branch is smaller than

the main fracture (pl. 3). The smaller branch dies out downwérd in the gravel layer at that depth.
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Overburden pressure may cause the fracture to terminate at a depth shallower than that estimated by
these areal calculations.

No movement of one side of the fracture parallel to the other, either horizontally or vertically,
has occurred at fissure 1 or at the relict fracture. (The walls of the fracture below the petrocalcic
horizon are not exposed at fissures 2 and 3.) Such movement would indicate fault movement.
Openihg of the fracture has occurred only byb perpendicular movement of the fracture walls, the
result of tensional craéking. Where the fracture walls are not eroded or modified by localized
collapse, they display mirror-image symmetry. This indication of simple tensional separation of the
fracture walls is common at fissure 1 and at the‘relict fracture. Locally, the fracture at fissuré 1
branches and rejoins, enclosing pieces of silty sand and carbonate-cemented gravel (pl. 3, 18-ft
[5.5-m] and 10-ft [3-m] depth). These have not rotated and therefore also demonstrate simple
tensional cracking. _

The subsurface fractures are filled with sediment ranging from sligﬁtly silty, very fine sand to -
sandy, silty clay. Pebbles are rarely present in the fracture below the base of the uppermost gravel
layer (pl. 3, 11.2-ft [3.4—m] depth). Fracture fill locally contains more clay than surrounding
material. The fracture fill contains laminae that locally are horizontal or concave upward. They
probably represént individual depositional events when sediment was washed into the fracture by
storm runoff. Layers of clay on the walls of the fractures and internal clay laminae (<0.04 inch
[1 mm] thick) within the fill are evidence of multiple episodes of filling and fracturing of the fill
material. The internal clay laminae are subparallel to the subvertical fracture walls, although they
branch and join on a scale of a few centimeters. These intcfnal laminae probably mark events when
the fill fractured because of desiccation of the fill or further tensional opening of the original
fracture, which pulled the fracture fill apart. Presumably, after the fill fractured, clay was depositea
on the walls of the new (internal) openings, either by settling out of downward percolating water
* or by adhering to the walls as water rhovcd laterally out of the fracture and into the surrounding

~ sediments. Similar features in fracture fill, described as “medial partings,” were reported by Bull
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(1972) in his study of fractures in Fresno County, Cahfomla He attributed their development to
repeated penods of deposmon of sediment carried down into the cracks by water.

The fractures conduct water mo‘re easily than surrounding sediments, as indicated by
cementation along the fraotures, presence of living woody roots in the fractiires, and the results of
a ponding test conducted in trench 3 (Scahlo_n, 1990). Carbonate cement less than 0.02 inch
(0.5 mm) thick lines the Walls of the fracture in the petrocalcic horizon at a depth of 14.1 ft (4.3 mj
at fissure 1 (pl. 3). In addition, at a depth of 18.7 to 20.3 ft (5.7 to 6.2 m), gravel is weakly
cemented by oalcite in a 2.7-inch-wide (7-cm) zone adjacent to the fracture (pl. 3). The fractures
are preferred pathways for roots through all strata, including fhe gravel layers. Live roots have
been seen in fractures os deep as 20 ft (6.2 m) belov.v the grouno surface.

The fractures that underlie (trench 3) or bound (trench 4) fissure 1 are wider and are more
often lined With gray clay or carbonate cement than are fractﬁres farther from the fissure. These
observations indicate that fractures near the fissure that have reached the surface are more likely to
be preferred pathways for downward-rﬁOving water. Although many fractures (lined and unlined,
filled and hairline) can be traced upward from fractures in the petrocalcic horizon (fig. 4), those
outside a 10-ft-wide (3-m) zone parallel to the fissure and those beyond the ends of the fissure are
not as Wide (=0.4 inches [1 cm]) as thoso near the fissure.

Clay- hncd cavities are present locally in the fracture below fissure 1. The horizontal
dlmensmns of cavities exposed in trench walls range from 0.2 to 24 inches (4 mm to 60 cm) Most
are less than 4 inches (10 cm) across. Total vertical extent of openings is about 5 percent of the
exposed length of the fissure in the southeast wall of trench 3 (pl. 3). Some cavities at a depth of
9.2 ft (2.8 m) (2.3 ft [70 cm] below the top of the upper petrocalcic horizon) contain spiderwebs,
indicating that they are connected to the ground surface via open cavities in or adjacent to the
fissure. Some of the larger openings may be cnlargcd by or produced by animals burrowing near
or aiong the fracture. Rodent fecal pellets are‘present in fissure fill near the ground surface where
the fissure widens upward to form a collapse feature. Near the fissure, animal burrows in silty

sand are present as deep as 6.6 ft (2 m) below the surface (fig. 5). Badger (Taxidea taxus) burrows
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as deep as 7.5 ft (2.3 m) have been recorded in the western United States (Long and Killingley,
1983), and badgers have been seen at the study area. ‘

At fissure 1 no cavities larger than 0.4 by 1.2 inches (1 by 3 ¢cm) have been seen in the
fracture deeper than 11.2 ft (3.4 m), the base of the uppermost gravel layer in trench 3 (pl. 3). A
~ few small openings in fracture fill (mostly <0.2 inch [5 mm] wide) have been seen below the base
of that gravel layer. This suggests that some coll‘apse material may be dispersed into the matrix of
the less-cemented, grain-supported gravel (pl. 3, 8.8- to 11.2-ft [2.7- to 3.4-m] depth), leaving
open space in the fracture, locally.

At trench 4, which is between surface-coliapsc features (fig. 19), continuous fractures extend
upWard from a depth of 10 ft (3 m) to the base of the surface soil (12-inch [30-cm] depth), parallel
to and flanking the interpolated trend of the fissure at about 0+06 SW and 0+12 SW (fig. 5). These
fissure-bounding fractures are mostly less than 0.4 inch (i cm) wide and narrow downward to a
hairline crack lined with clay. These fractures are narrower than the fracture dil:ectly below collapse
| features at trench 3 (pl. 3), and they are the only ones in trench 4 with large (>0.4 x 1.6 inch
[1 x 4 cm]) open spaces in unconsolidafed sediments above the petrocalcic horizon (figs. 4 and 5).
Oné of the fissure-bounding fractures in trench 4 branches and narrows abruptly at a depth of
7.5 ft (2.3 m) (fig. 5, 0+12 SW) to a 0.08-inch-wide (2-mm) filled fracture lined with gray clay.
Orientation of the fracture changes from near vertical to sloping northeast about 60 degrees.

Numerous small, closed fractures between the fissure-bounding fractures are present in the
crossbedded sandy unit above the massive gravelly sand (figs. 4 and 5, 4.9-ft [1.5-m] depth).
Thése fractures branch upward, cutting the crossbeds, but there is no displacemem across them.
These are hairline to barely traceable, and all appear to be cbnﬁned to this sedimentary unit.

Rubble zones bounded by fractures.are present locally in the crossbedded sand (fig. 5). They
are filled with stmcturcléss sediment that is siltier than the adjacent crossbedded silty, fine to
medium sand. This structuréless sediment contains small (<0.2-inch [5-mm]) fragments of clayey
crossbedded material. These rubble zones may be tortuous collapse zones or burrows. Overlying

sediments are continuous across these rubble zones. They appear to terminate abruptly in the
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vertical wall of the trench, but in fact they prbbably continué up and down at some angle to the
trénch wall. Well-developed filled burrows are present near the rubble zones. A few fractures
extend from rubble zones upward into the overlying massive unit to within 24 inches (60 cm) of
the surface, but there is no offset across them.

| Polygonal fractures in petrocalcic horizon. Vertical polygonal fractures in the petrocalcic
horizon formed independently from the fissure. Such fractures are commonly observed in well-
developed calcic horizons (Reeves, 1976; Gile and others, 1981; Machette, 1985). They are
present at the study area, hundreds of meters away from the fissures, in outcrops of the petrocalcic
horizon in the unpaved county road and along the channel floor of the tributary that drains the north
half of the area. Most of these fra¢u1res are less than or equal to 0.3 inch (7 mm) wide and are lined
with carbonate less than or equal to 0.04 inch (1 mm) thick. Some that are perpendicular to local
slope in ditches along the county road and in the stream-channel floor are wider.

These polygonal fractures predate the surface fissure by several thousand years. All fractures
greater than or equal to 0.08 inch (2 mm) wide in the petrocélcic horizon in trench 4 are at least
partly coated with carbonate. Fractures as much as 3.1 inches (8 cm) wide in the petrocalcic
horizon (trench 4) are lined with carbonate as much as 0.3 inch (7 mm) thick. These laminae are
characteristic of a Stage IV pedogenic calcrete (Machette, 1985). Calcretes such as this near Las
Cruces, New Mexico, are at least 25,000 yr old (Gile and others, 1981).

Polygonal cracks in the petrocalcic horizon near the fissure extend ﬁpward into overlying
sediments, commonly to the base of the loose surface soil (fig. 4, 0+18 to 0+28 SW, 2-ft [30-cm]
depth). This suggests that movement of the polygonal blocks in the petrocalcic horizon, possibly
. resulting from desiccation of uriderlying sediments, produces fractures in the overlying sediments.
Fractures range from a hairline crack to 1.5 inches (37 mm) wide in the carbonate horizon. Most
are less than 0.4 inch (10 mm) wide except in the vicinity of the fissure in trench 4. Fractures
wider th‘an 0.04 inch (1 mm) are lined with silt and clay locally. Hairline fractures are usually open
and unlined above the carbonate horizon, indicating either that they have not been preferred

pathways for water movement or that they formed during trenching. However, one of these has a
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root growing in it (fig. 5, 0+1.5 SW, 3.3-ft [1-m] depth), suggesting that it predates trenching.
Some fractures branch upward at the top of the massive, gravelly sand (fig. 4, 5.6-ft [1.7-m]
depth).

Most of the fractures beyond the ends of fissure 1 (fig. 19, trenches 2 and 5) do not extend
above the petrocalcic horizon. A few hairline fractures can be traced upward to the base of the
surface soil (12-inch [30-cmj depth), but none are clay-lined. These are probably caused by
trenching. The maximum width of fractures in the carbonate horizon is 0.8 inch (20 mm),
narrower than the fractures near the fissure in trench 4.

Fractures in the petrocalcic‘ horizon sometimes intersect local lows in the petrocalcic horizon
exposed in trench walls. Most of these local lows are less than 10 inches (25 cm) wide and
4 inches (10 cm) deep, but a few are as long as 16 inches (40 cm) and as deep as 6 inches (15 cm).
They appear to be dissolution pits or grooves in the upper surface of the carbonate horizon.

In summary, polygonal fractures are present everywhere in the petrocalcic horizon. Most are
lined with carbonate, indicating relatively old age. Some have propagated upward into
unconsolidated sediments. Some fractures in the overlying sediments appear to be caused by
trehching. Others, lined with silt and clay, predate trenching. Those within a few meters of fissure
1 are wider and are more often lined with silt and clay. Fissure development appears to enhance
formation of peripheral fractures that are preferred paths for water movement.

Quaternary stratigraphy in vicinity of fissure 1. The near-surface sediments in the vicinity of
fissure 1 are composed of interbedded sand and gravel (fig. 3, pl. 3). In these sand and gravel
deposits two petrocalcic horizons are preserved. One is at about 5 to 9 ft (1.5 to 2.7 m) in depth.
The other is at about 14.1 to 17.7 ft (4.3 to 5.4 m) in depth, as seen in trench 3 (pl. 3). The
carbonate-cemented horizons originally formed nearer the ground surface, probably at a depth of
less than a meter (McFadden and Tinsley, 1985), and have since been covered by more sediment.
These horizons have characteristics of Stages III and IV of calcium carbonate morphology in the
classification of calcic soils and pedogenic calcretes by Machette (1985). Calcium carbonate is

dispersed in the sandy matrix of the horizons (Stage III) and decreases downward from the top of
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each one. Where the upper surfaces of the petrocalcic horizons are sandy, the carbonate cement is
laminated, and locally there are carbonate laminae on fracture surfaces (Stage IV). The time
required for develbpment of such a soil in the desert Southwest is at least 25,000 yr (Gile and
others, 1981). Except for the well-cemented petrocalcic horizons, all of these strata are weakly
cemented and friable. However, all strata, at least to a depth of 20.3 ft (6.2 m), are competent
enough for fractures to form and remain open (fig. 5; pl. 3).

Both petrocalcic horizons are eroded locally. The contact between these carbonate-cemented
| horizons and the sediments that overlie them is abrupt and locally irregular. In trench 4, a 13.1-ft-
wide (4-m) gap in the upper petrocalcic hbrizon underlies the projection of fissure 1 (fig. 4,
0+02 NE to 0+12 SW). Similar irregular gaps also are pregent in the petrocalcic horizon near the
relict fracture. However, a deeper channel is exposed in trench 5, where there is no fissure.
Similarly, the petrocalcic horizon is cut out and overlain by gravel depoysits at the northeast end of
trench 4, where there is no fissure. Evidently, the presence or absence of the upper petrocalcic
horizon does not control development of the fissure.

The strata overlyiﬂg the upper petrocalcic horizon are predominantly silty or clayey sand
(fig. 6). Calcium carbonate is dispersed throughout these sediments, which are only weakly
cemented. The massive, gravelly sand overlying the upper petrocalcic horizon may be a poorly
sorted sheetwash deposit or it may have been thoroughly bioturbated after deposition (figs. 4 and
5). No prfmary sedimentary structures are preserved in this unit.

Overlying the massive, gravelly sand is a layer of crossbedded silty sand. .These are
overbank deposits of relatively uniform thickness near fissure 1. This deposit has been
radiocarbon-dated at 7,510+100 yr B.P. (fig. 6). The accretion rate for this unit is considerably
greater than that of 6ver1ying sediments (table 1), which may cxplaih why sedimentary structures
in this unit are preserved. A rapid burial would have proteéted them from disturbance by .shallow
burrowing and root penc&ation or by reworking by wind and overland flow. This deposit contains
snail fauna like that present in the area today, suggesting that climatic conditions at the time of

deposition may have been similar to those now prevailing.
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Over these crossbedded sediments is silty sand. The silty sand has no primary sedimentary
structures, but blocky soil structure is weak to moderate (Sergent, Hauskins and Beckwith, 1989,
their table 3.4¢) (fig. 5). These sediments range in age from 7,010+200 yr B.P. to 1,440£80 yr
B.P. (fig. 6). Accretion rate for these sediments is about one-tenth the rate for older sediments
(table 1). A decrease in sedimen;ation rate would have allowed more time for soil development and
bioturbation to occur, destroying whatever original sedimentary structureé were present. Gravel
lenses are relatively uncommon in the upper 5 ft (1.5 m) of the soil profile in the study afea, on the
basis of descriptions of cores and trenches. This suggests thaf streamflow deéreased, possibly
because of a decrease in runoff, during about the last 7,500 yr. The decrease in runoff may have
resulted from a decrease in rainfall. ’i‘he climate of this region became increasingly drier about
8,000 yr ago (Van Devender and Spaulding, 1979).

Near-surface strata (<20-ft [<6-m] depth) do not control development or location of
fissure 1. In trench 4 the fissure can be interpolated over a local gap or channel cut in the
petrocalcic horizon (fig. 4). But near its middle (trench 3) the fissure is located over an uneroded
calcic horizon, which is composed largely of carbonate-cemented gravel that extends well beyond
both sides of the fissure (fig. 3). A deep gap in the petrocalcic horizon is exposed in trench 5,
where there is no fissure. Gravel lenses overlie the calcic horizon on the north side of the fissure,
locally, but not on the south side (fig. 4).

Summary of fissure development at the study area. This summary begins with formation of
the upper petrocaicic horizon, which is now covered by abou; 6.6 ft (2 m) of younger sediments
(fig. 20, no. 1). The petrocalcic horizon formed in silty sand‘and ‘sandy gravel, within about a
meter of the péleo-ground surface. Carbonate-lined fractures (fig. 20, no. 2) formed as a normal
part of calcrete development.

The soil above the petrocalcic horizon and the petrocalcic horizoh itself were eroded locally,
appérently by streamflow. Some fractures may have been widened by carbonate diSsolution or
erosion, analogous to the erosion of fractures by runoff in the ditches adjacent to the county road.

There are channels or gaps in the carbonate-rich horizon in trenches 4 and 5.
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Subsequently, gravelly, muddy sand was deposited on the exposed petrocalcic horizon
(fig. 20, no. 3). This deposit may be a peorly sorted debris ﬂow or sheetwash deposit, or it may
have been bioturbated after deposition.

The gravelly sand was overlain by silty sand deposited about 7,500 yr ago (fig. 20, no. 4). It
contains small-scale‘ trough crossbeds, indicative of small ehannels carrying only fine-grained
sediment. It is not heavily bioturbated, suggesting that it was buried rapidly or that root penetration
and burrowing occurred only rarely after burial. ’ »

More sediment was deposited during the next 7,500 yr, probably as overbank deposits of
ephemeral streams, er as eolian deposits (fig. 20, no. 5). There are no sedimentary structures to
indicate the mode of deposition. Some channel gravels are present locally. Pedogenic processes
produced blocky soil structure in the sandy sediments (fig. 4).

" More recently, tension cracks formed (fig. 20, no. 6), and some became precursors to the
fissure (fig. 20, no. 7). The source of this tension is unknown; there is no evidence of fault
movement along the fissures. |

Water introduced by overland flow eroded the tension crack at the surface, enlarging it and
resulting in collapse of surface sediments into the fissure (fig. 20, no. 8). More tensional fracturing
or desiccation of fill produced subvertical fractures in the fissure fill that were later lined with clay
laminae (fig. 20, nos. 8 ahd 9). Aerial photographs taken in 1971 and 1985‘revea1 that collapse
features at fissure 1 formed between those years. Collapse features at fissures 2 and 3 cannot be
seen in the most recent photographs, so their age is undetermined. There are no surface collapse
features at the relict fracture (fig. 18).

This summary dlescribes the current state of developxﬁent of fissure 1. Fissures 2 and 3
probably will follow similar patterns of development. In the future, overland flow will continue to-
enlarge the fissures until they fill with sediment—a process that may take many decades to
- complete. Fissures that were open in 1924 in Quitman Canyon, southeast of the study area, are still

open today, and adjacent sediments are still collapsing into them.
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Model of fissure development. In the model for fissure development proposed by Larson and
Péwé (1986), the precursor of a fissure is a tension fracture (fig. 21, stage 1). The fracture forms
in the shallow subsurfacé and is a preferred pathway for water moving downward from the
surface. The fracture is enlarged by erosion until a soil pipe forms (fig. 21, stage 2). Sediments
overlying the pipe collapse into the cavity, forming holes at the surface that directly capture surface
runoff and sediment carried by surface runoff (ﬁg. 21, stage 3). As the collapse features capture
more runoff, they‘elongatc and connect to form a laterally continuous fissure (fig. 21, stage 4).
Eventually, the outlet of the soil pipe becomes plugged and the fissure begins to collect sediment
(fig. 21, stage 5). Finally, the fissure fills wilth sediment. As long as it remains lower

topographically than its surroundings, the fissure will prefcrentially collect and store moisture,
| providing better growing conditions for woody vegetation, especially deep-rooted phreatophytes
such as mesquite (fig. 21, stage 6). At present; the surface fissures at the study area are at stage 3
or 4, as shown in figure 21. The relict fracture is beyond stage 6 because it is not marked by
aligned vegetation or by a topographic low at the surface. The fissure there has been destroyed by
subsequent erosion and deposition. |

The principal mechanisms in the development of fissures are erosion of a preexisting crack at
the surface and sbil piping (fig. 21). According to Cooke and Warren (1973), it was Parker (1963)
who identiﬁed four criteria that are necessary fof piping to occur: (1) sufficient water to saturate
part of the material above base level, (2) hkydraulic head to permit subterranean water movement,
(3) permeable and erodible soil aboxje local base level, and (4) an outlet for flow. At the study area,
surface water is present only after rain falls. No perennial streams or springs exist there. Thus,
conditions 1 and 2 exist only locally and temporarily in ephemeral stream channels and other low
areas, as a result of runoff-producing rainstorms. The third condition, permeable and erodible soil,
is present everyw_here‘ in the study area. Local and temporary base level may be established at the
base of this soil on top of the upper calcrete, which is 1.6 to 10 ft (0.5 to 3 m) below the ground
surface. During and after heavy rains water could move down a preexisting tension fraéture and

collect on this surface either until it was removed by evapotranspiration or until it moved down
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preexisting cracks in the petrocalcic horizon. The fourth condition needed for piping is an outlet _fer

" flow. Besides the deeper part of the fracture itself, the permeable grain-supported gravel that
~underlies the upper calcrete (fig. 3; pl. 3) may provide such an outlet. Thus, in the study area,
conditions necessary for piping to occur alorig a fractuie probably exist only locally, in topographic |

‘lows, and temporarily, during and after heavy rains. |

Source of tensional stress. It is generally accepted that the fissure-controlling fractures are
caused by tensional stress (Bull, 1972; Bouwer, 1977; Holzer and others, 1979; Jachens and
Holzer, 1979, 1982; Bell, 1981; Larson and Péwé, 1986). Typically, the source of that stress is
differential subsidence (Larson, 1986). Differential subsidence is most often attributed to
withdrawal of ground water forv agricultural or municipal use, which has produced declines in

- ground-water levels of 80 to 460 ft (25 to 140 m) in Arizona and Califomia where fissures have
developed (Holzer, 1977; Morton, 1977; Guacci, 1979; Bell, 1981; Holzer and Pampeyan, 1981;
Boling, 1986; Larson, 1986; Larson and Péwé, ‘1986; Schumann axid others, 1986). Other

~processes that can produce fractures, such as (1) tectonic moVements, (2) desiccation of expansive -
clay soils, (3) hydrocompaction of low density sediments, and ‘(4)‘ horizontal seepage stress related
to ground-water flow teWard pumped areas, are less important than differential subsidence in
desert basins of the southwestern United States (Larson and Péwé, 1986).

Differential subsidence and the fissures that resuli may be localized by different geological
eriviroriments: (1) buried bedrock hills; (2) buried faults; (3) buried facies boundaries; and (4) the
hinge line of subsiding areas (Larson and Péwé, 1986). Boling (1986) described the typical setting
of earth fissures in south-central Arizona. They are located on alluvial plains between basin centers
and basin-bounding mountains. The fissured sites overlie or aie mountainward of inferred basin-

“boundary faults. The basins are underlain by thick, unconsolidated alluvium, anhydrite, and
indurated congloinerate deposits, and they are bounded by fault-uplifted mountains. Depth to
bedrock is 160 to 980 ft (50 to 300 m). Boling (1986, p. 760) asserted that “differential
compaction‘of nonindurated sediments overlying irregular bedrock surfaces probably accounts for

~most of the major earth fissures seen at the surface.”
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Conditions similar to these prevail at the Fort Hancock study area, which is located on an
alluvial plain between the center of the Hueco Bolson and the Diablo Plateau. It is upslope from the
Campo Grande fault, which strikes parallel to the basin margin in the manner of basin-bounding
faults. Depth to Cretaceous bedrock is about 560 to 720 ft (170 to 220 m), which is within the
* range of depths in the area studied by Boling (1986). However, despite these similarities, it is
unknown whether relief on buried Cretaceous bedrock is affecting the development or location of
the fissures in the study area.

Seismic reflection data were collected at the study area by Phillips and others (1986) and
reinterpreted by scientists at the Department of Geological Sciences of the University of Texas at El
Paso. Phillips and his coworkers (1986) inferred two high-angle faults in the study area. The more
recent work infers two low-relief highs on Cretaceous bedrock at about the same locations (Diane
Doser, University of Texas at El Paso, written communication to Jay Raney, 1990). Compaction
of bolson sediments over these structures may cause the tension that is manifested at the surface by
formation of fissures in a manner similar to that described by Larson and Péwé (1986). Those
authors attributed formation of a surface fissure to ’differential compaction over a bedrock hill
covered with 150 ft (45 m) of unconsolidated sediments. However, there are problems with this
argument by analogy. First, the depth to Cretaceous bedrock in the vicinity of fissure 1, which is
based on core from well LLW14 (2,600 ft [800 m] to the southeast), is about 660 ft (200 m), more
than 500 ft (150 m) deeper than the bedrock hill studied by Larson and Péwé (1986). Second, the
buried bedrock hill described by Larson and Péwé had local relief of about 100 ft (30 m). The
bedrock high near fissure 1 has about half of that. Deeper burial of a smaller structure does not
favor the argument for tensional fracturing at the surface in the study area. Third, fissures 1 and 3
and the relict fracture display no consistent orientation or position relative to these subsurface
structures (fissure 2 is outside the area where seismic data were collected). Fourth, there has not
been any significant drawdown of ground water at the Fort Hancock study area. At the Arizona site

examined by Larson and Péwé, water-table levels had declined 300 ft (90 m).
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In the Fort Hancock study area depth to ground water is 360 to 590 ft (110 to 180 m)
~(Mullican and Senger, 1990). No wells in the area have produced ground water in amounts
sufficient to lower ground-water levels. Therefore, even thoﬁgh alluvial cover is thicker locally
than depth to ground wafer, which provides the‘ potential for compaction, it is unlikely thét
differential compaction has occurred, because no significant ground water withdrawal has
occurred.

Because there has not been any large-scale withdrawal of ground water near the Fort
Hancock study area, the fissures there must be attributed to natural phenomena. They may have
forﬁxed as a result of naturally occurring differentia1 compactidn of weakly consolidated sediments
over a bedrock high or a buried fault scarp, or they may be located at the hinge line of a subsiding
area. More compressible, finer grained sediments nearer the center of the Hueco Bolson may have
compacted more over geologic time than did the coarser grained proximal fan sediments near the
basin margins (Where the study area is). Similarly, the water table in bolson sediments has been
lowered over geologic time by incision of the Rio Grande and dewatering of sediments abovevthe
lower base level. Ihcision of the arroyos, especially upstream ﬁom the Campo Grande fault, would
have had a similar effect on the water table there. Eventually, compéction would have led to
extensional stress at the poirit where curvature of the compacted surface changed: at the edges of
the compacting sediments, where overlying materials are stretched over a noncompacting edge.
There is ﬁot enough detailed stfatigraphic information available from wells at the study area to
determine whether there is a‘facie's boundary such as this beneath the fissures (pl. 1). Alternatively,
desiccation of clay-rich Quaternary sediments or the Fort Hancoék Formation may be producing
tensile stress in overlying sediments.

Similar hydrologic and geologic conditions may prevail in nearby drainage basins where
there has been little pumping of ground water and where fissures have existed for as long as 60 yr.
Sustained desiccation of surface sediments in some areas may éxplain the appeé.rance of polygonal |
fractures. But the fissures at the study area are not polygonal, although they may be the first

components of a polygonal system that is beginning to form.
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Fissures in region:

Other investigators have reported surface fissures in the Trans-Pecos region of Texas and in
northeastern Chihuahua (fig. 22). In an early account, Baker (1927,.p. 40), observed “deep,
straight, and narrow cracks...[cutting]...the clays of the arroyo _beds and the gravéls of the
benches” in the Green River valley. The valley of the Green River is west of the Van Horn |
Mountains, about 60 mi (100 km) southeast of the study area (fig. 22; table 8). Bakef attributed the
fissures to earthquakes and speculated thét they may have formed in 1887 during the “great
earthquake in northeastern Sonora.” However, he provided no evidence for either the origin or the
age of the fissures. |

The cracks are not visible in aerial photographs taken in 1950 (Underwood and DeFord,
1975) or on phbtographs taken in 1957, but a 2,400-ft-long (740-m) fissure formed in the same
area in May} 1959 (Underwood and DeFord, 1975), cutting across a road. No fissure was seen
near the localify studied by Baker (1927) when the Green River valley was visited in 1989.

Albritton and Smith (1965) reported “earthquake cracks” in alluvium near the ‘ccnter of
Quitman Canyon, abdut 38 mi (60 km) from the study area (fig. 22). According to those authors
(Albritton and Smith, 1965, p. 1/1 1), the cracks were “said to have formed” during the Valentine,
Texas, earthquake (August 16, 1931), whose epicenter was 75 mi (120 km) to the east of Quitman

| Canyon. However, Albritton and Smith offer no evidence to support their contention, which is
diéputed by an eyewitness, R. H. Espy, a resident of Eagle Flat (fig. 22). Underwood and DeFord
(1975) reported that Espy saw the fissures in Quitman Canyon during a cattle roundup in about
1924, 7 yr before the Valentine earthquake. Furthermore, Sellards (1932) reported that, other than
in the town of Valentine, no ground disturbance was detected after the 1931 earthquake. He
compiled observations from localities throughout the region where the earthquake was felt,
including Sierra Blanca and Van Horn (fig. 22). The lack of reported “earthquake cracks” in the

~ region may have resulted from a dearth of observers. Nevertheless, it is more reasonable to accept
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Espy’s aecount of the preekisting cracks in Quitman Canyon than the unsupported claim by
 Albritton and Smith (1965) of an earthquake-related origin.

The Quitman Canyori fissures are at the toe of a dissected alluyial fan, cutting Quaternary
alluvium at the surface. The cracks are roughly orthogonal to one another, and they intersect to
form polygons as wide as 1,280 ft (’390 m) (on the 1957 photographs). The longer set trends
N10°-25°W, parallel to topographic contours, to faults in the Quitman Mountains (about 3.8 mi
[6 krh] to the west-northwest), and to the valley axis. These fissures were as long as 2.6 mi
(4.2 km) en aerial photographs taken in December 1957 (table 8). The shorter fissures trend N65°-
80°E. A calcic soil horizon composed of carbonate-cemented sand is present locally at the surface
and is\ exposed in the fissure walls at depths of less than a meter. Ephemeral stream channels
between fan remnants are perpendicular to the longest fissures. The major northwest-trending
collapse features cut across drainage and intercept runoff. ‘Weody v‘egetatilon (mesquite and
tarbush) is more abundant within a few meters of the ﬁsSures than farther awa')';, especially in a
downslope direction. This suggests that the ﬁssures capture all ‘but the largest overland flows. |

Locally, the fissures in Quitman Canyon showed evidence of recent collapse in 1989: One
segment was 11.6 ft (3.55 m) deep but enly 30 inches (75 cm) wide, deeper than any fissure at the
study area. The width/depth ratio for this segment is very low (0.2) (table 8), indicating that it is
still undergoiﬁg collapse. Fissure walls here were steep and unvegetated, showing that collapvse
had occurred recently. However, the fissures did not appear to be any longer (at the southern ends)
than they were on photographs from 1957. Elsewhere, the fissures have filled with sediment
washed in from upslope, and width/depth raﬁo has increased to S (table 8).

Another set of polygonal fissures was observed in 1‘9‘:57 aerial photographs of Quitman
Canyon. The fissures are about 2.5 mi (4 km) south of those described previously and reported by
Albritton and Smith (1965). The longest fissure was about 650 ft (200 m) long in 1957, about as

long as those now at the study area.
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A third set of fissures in Quitman Canyon was discov;ercd in September 1985. In 1989 these
fissures were reported to form a rectilinear pattern (Sergent, Hauskins and Beckwith, 1989). The
fissures were as much as 1,000 ft (305 m) long, 6 ft (1.8 m) wide and 5 ft (1.5 m) deep.

Haenggi (1966) and Underwood and DeFord (1969) reported fissures in Bolson El Cuervo,
northeastern Chihpahua (fig. 22), about 88 mi (140 km) south-southeast of the study area.
Underwbod and DeFord attributed fo‘rmati'on of a new system of fissures in 1959 to drying of
~ alluvium during a severe drought that lasted from 1950 to 1956. They obscfved that “torrential
dowﬁpours” can widen fissures from an initial hairline crack to a width of 3 to 5 ft (1 to 1.5 m),
and then fill them with sediment.

The same authors reported fissures at Eagle Flat (Underwood and DeFord, 1975), about
50 mi (80 km) southeast of the study area (fig. 22). According to R. H. Espy, the owner of the
property where they were located, the fissures appeared in 1927 or 1928, 3 or 4 yr before fhe
Valentine earthquake (Underwood and DeFord, 1975). They are visible in aerial photographs of
the area taken in 1957. Underwood and DeFord (1975) reported that the longest fissure was about
2,500 ft (760 m) long and orthogonal fissures were about 590 to 790 ft (180 to 240 m) long, but in
aerial photographs taken in 1957 the main fissure was about 3,000 ft (910 m) long. The main
fissure is arcuate, convex toward the southeast and approximately perpendicular to local drainage.

The original fissure is currently degraded by overland flow. Locally, it is as much as 55 ft
(17 m) wide and about 2 ft (60 cm) deép, and has the highcst‘ width/depth ratio (as much as 28) of
any fissure seen during this study (table 8). Earthen dams less than 6 ft (2 m) high have been built
across it, trappixig sediment that wa's‘ being transported along the fissure, which acts as an
ephemeral stream chahnel. The surface immediately upslope from the ﬁésure has aggraded,
burying a fence with about a meter of sediment. A second fissure has developed upslope frOm the
oldest fissure on this aggraded surface. It is as much as 5.5 ft (1‘.7 m) wide and 2.3 ft (70 cm)
deep and has an intermediate width/depth ratio (as much as 2.7). It is nearly continuous, with fcw
bridged-over segments. This fissure is subparallel to the oldest fissure and intersects it where small

gullies have eroded upslope from the oldest fissure. A third fissure is now forming upslope from

51



the second fissure at a point about midway along the oldest fissure. It is only 210 ft (65 m) long,
much shorter than either of the other two, and is composed of séparate collapse features as much as
1.1 ft (35 cm) wide and 2.6 ft (80 cm) deep (width/depth ratio = 0.4). This fissure is similar to the
one at the study area. | | |

Apparently the fissure-collapse process is moving laterally upslope, subparailel to the oldest
fissure. The tensional stress that causes the fissures to form is migrating laterally as well. The
youngest collapse features still receive runoff from the draihage area upslope, unobstructed by the
other fissures. The oldést fissure appears to be inactive and is gradually being infilled and degraded
by surface processes. No collapse features currently exist at the south end of the main fissure,
where they appeared in 1957 photographs.

Goetz (1977, 1985) described giant desiccation cracks in Salt Flat, in the Salt Basin Graben
60 mi (100 km) east of the study area (fig. 22). The cracks are located at the terminus of an alluvial
fan. Smaller, shorter fissures connect the longest fissure and others parallel to it to form polygons.
The longest fissure (2,600 ft [800 m]) is perpendicular to epherheral stream channels flowing east-
northeast. This fissure is slightly arcuate, concentric to a closed basin to the east. The longest
fissures in the polygonal system of cracks trend roughly north-south.

The oldest known evidence of these fissures is their presence in aerial photos taken in 1946
(Goetz, 1977). The fractures may have existed for months or years before they appeared at the
surface. According to Goetz (1977), the most important process contributing to the formation and
growth of these cracks is desiccation of the surface and subsutface caused by prolonged drought
and ground-water withdrawal. She also observed (Goetz, 1985) that the longest cracks are parallel
to a nearby series of fault scarps that cut the alluvium, concluding that these dominant fissures
probably represent the trace of a Holocene fault that is covéred by bolson sediments. Goetz (1977,
p. 89) speculated that the parallelism of primary fissures in separate groups of these orthogonal
features may be the result of “uneven subsidence” across a buried fault. Further, she proposed that
abrupt movement on this inferred fault during the Valentine earthquake may have caused failure of

the alluvium, which was already undergoing brittle failure; because of desiccation at depth.

52



‘However, she ‘based, her proposed earthquake origin on the similarity between these fissures and
the description by Albritton and Smith (1965) of the “earthquake cracks” in Quitman Canyon. We
have already noted that this proposed origin is contradicted by an eyewitness account. The
orthogonal pattern of fracturing indicates that desiccation is the primary mechanism forming the

fissures at Salt Flat.

Fissures in southwestern United States

Ground fissures have been reported in the soutthstcni United States, beginning as early as
the 1920’s (Baker, 1927; Leonard, 1929) from southern California to western Texas. Those most
frequently studied are in the alluvial basins of Arizona, where ground-water withdrawal has led to
differential compaction of alluvium over irregular bedrock surfaces, producing fissures at the
ground surface.

Fissures in south-central Arizona (Boling, 1986) afe linear and curvilinear features, generally
segmented, in places forming en echelon patterns similar to that at fissure 1 (fig. 19). The fissures
described in Arizona have several characteristics in common. They form in unconsolidated
sediments, typically near margins of alluQial valleys or near outlying bedrock outcrops where
ground-water levels have dropped 200 to 440 ft (60 to 135 m) (Larson and Péwé, 1986). Vertical
offset is usually negligible, suggesting that fissures are of tensile origin. Simple horizontal
separation of the blocks on either side of the fracture indicates that fractures are tensional breaks
(Schumann and others, 1986). Vertical offset has been observed along a few fractures after the
initial break occurred. Movement of blocks perpendicular to the crack surface shows that fractures
are caused by tension aﬁd distinguishes fractures from faults where relative displacements are
predominantly parallel to the failure zone (Holzer and othérs, 1979). Subsidence fractures
propagate upwards and é.rc usually exposed at the surface after surface sediments are eroded by
heavy rainfall or by irrigation water (Larson and Péwé, 1986). Fissures are generally perpendicular

to drainage, intercepting runoff that erodes the initial narrow crack to form a gully that can be
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several meters wide (Larson and Péwé, 1986). Because the fissures act as local Catchmént basins
fof runoff, vegetative growth along them is more vigorous.

The fissures tend to connect and form linear fissure systems (Schumann and others, 1986).
They are as much as 9 mi (15 km) long and may be as much as 50 ft (15 m) wide and 80 ft (25 m)
deep (Boling, 1986; Slaff, 1989); Erosion at the surface enlarges them to form “fissure gullies”
that are commonly 3 to 16 ft (1 to 5 m) wide, 3 to 13 ft (1 to 4 m) deep, and hundreds of feet
long. |

The Pixley, Califomia, fissure (Guacci, 1979) was slightly arcuate and relatively continuous,
0.5 mi (0.8 km) long, 8 ft (2.4 m) wide, and 6 ft (1.8 m) deep.‘No verticél or lateral displacement
Was observed along the fissure. When described 5 yr after it appeared, cracks beneath the fissure

“extended to a depth of at least 55 ft (16.8 m), deeper than the water table (48 ft [14.6 m]). The
cracks bifurcated and deflected toward one another. Opposite walls matched in many places,
indicating no vertical offset had occurred on the fracture.

In several places within the fracture fill discontinuous, vertical strata or lensing near one
crack wall was composed of a different soil type than near the opposite wall. Presence of vertical
strata along fracture walls and in the centér of the fracture fill and horizontal strata in the fracture fill
suggest multiple periods of f_racturg filling (Guacci, 1979). Similar features were observed in the
fracture fill at fissure 1 and at the relict fracture at the Fort Hancock study area.

Morton (1977) described fissures in the‘ San Jacinto Valley, California. Most were linear and
oriehted parallel or subparallel to the Casa Loma fault, a basin-bounding fault on one side of the
valley. Fissures adjacent to a bedrock hill were arcuate, and those; nearest the hill conformed to the
contact between alluvium and bedrock.

Overland flow contributes to formation and enlargement of collapse features that form the
fissure at the surface. This process is recorded in reports on fissures in Arizona (Leonard, 1929;
Holzer, 1976; Boling, 1986), California (Morton, 1977, Gua;:ci, 1979), Texas (Underwood and
DeFord, 1975), and with the model proposed by Larson and Péwé (1986). In Arizona, where

fissures have been described extensively, many of them are nearly perpendicular to drainage. The
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Pixley ﬁssure appeared in an area of extensive ground-water extraction Within the SanAJoaquin
Valley, following surface flooding (Guacci, 1979). It is inferred that the ground-water extraction -
produced differential subsidence; differential subsidence resulted in tension cracks; and surface
flooding produced the fissure by piping, erosion, and collapse of the walls of the fracture.

According to Schumann and others (1986), land subsidence caused by ground-water

“depletion has produced extensive areas of earth fissures in southern Arizona. Ground-water levels
in the Arizona basins have declined as much as 330 ft (100 m) since 1923 (Boling, 1986). Wells
there noW pump from depths as great as 2,500 ft (760 m). Large-scale pumping of ground Water in
southern Arizona began about 1900 and increased in the late 1940’s (Schumann and others, 1986).
Ground-water depletion has caused water levels to.decline as much as 460 ft (140 m), resulting in
compaction of silt and clay layers, and land subsidence. Aquifer compaction occurred seasonally,
during summer periods of water-level decline. Some of that compaction occurred at depths greater
than 830 ft (253 m). “The temporal and spatial distribution of fissures is determined by the

| historical development of water resources, hydrogeologic characteristics and subsidence history of
a particular basin” (Larson, p. 292, 1986).

Larson and Péwé (1986) reviewed the literature on earth fissures and listed several
mechanisms related to ground-water withdrawal that have been proposed to explain the origin of
fissures: localized differential compaction, hydrocompaction, horizontal seepage forces, shrinkage
of dewatered sediments, and regional differential compaction. They cited recent geophysicai and
geodetic surveying work to support their conclusion that many fissures are caused by differential
subsidence localized by buried bedrock hills or fault scarps. Their own work in northeastern
Phoenix, Arizona, showed that an earth fissure there was spatially associated with a convex-
upward gravity anomaly. This gravity anomaly was interpreted to have at least 100 ft (30 m) of
relief and to be bnried 150 ft (45 m) deep, a depth comparable to the original water level in the
area.

Localized differential subsidence across the Picacho fault was caused by differential

compaction due to unequal water-level declines across a preexisting fault (Jachens and Holzer,
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1979). Surface faulting caused by ground-water withdrawal occurred 12 years after ﬁssuﬁng
began, which suggests that differential compaétion may have produced the tension that caused
fissuring (I-Iol'zef and others, 1979; Jachens and Holzer, 1979). |

Fissures form at points of maximum horizontal tensile stress near maximum convex-upward
cuﬁaturc of the shbsidcnce profile (Larson, 1986). Fissures may be localized in three geologic
settings: (1) buried bedrock hills; (2) the hinge line of subsiding areas; and (3) buried faults
(Larson and Péwé, 1986). Accordihg to a study by Jachens and Holzer (1979), earth fissures in
alluvium near exposed bedrock were spétially associated with lpcal gravity and magnetic anomalies
ranging from local highs to convex-upward changes in slope. Most bedrock irregularities were at |
depths less than 820 ft (250 m). However, irregularities were not detected beneath fissures that
We_re more than 1.2 rr/n ¢ km) from bedrock outcrops (Jachens and Holzer, 1979). Différential
compaction of unconsolidated alluvium over bedrock highs was the dominant source of horizontal
tension that caused earth fissures in Picacho basin, Arizona (Jachens and Holzer, 1979, 1982).
Withdrawing ground water from the unconsolidated alluvium caused the differential compaction
(Jachens and Holzer, 1982).

Larson and Péwé (1986) discussed‘ another potential setting for fissuring: near the hinge line
of subsidence, fhc inferred boundary betWeen subsiding and stable areas. The zone is dependent
on a critical depth to bedrock related to the original ground-water level priof to pumping. In the
Phoenix area this is about 150 to 250 ft (45 to 75 m). Little or; no coxhpaction should occur where
- the thickness of alluvial cover is less than the original depfh to ground water.

Rough volume estimates based on observed dimensions of the crack at the Pixley fissure
indicated that the crack could accommodate the volume of surface material lost from the fissure at
the_ »surv'face (Guacci, 1979). Persistent crack width with depth was conSistent with tensional
cracking generated by maximum convex-upward curvature néar the edge of the subsidénce bowl.
Cross-sectional areas of unfilled, upper parts of fissures in arid areas commonly exceed 37.5 ft?
(3.5 m?). If the average width of a fissure is 1 inch (2.5 cm), a depth of 450 ft (140 m) is estimated '
" (Holzer, 1976)\.
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Some ﬁssures have formed in areas where nb substantial grou‘nd-water withdrawal has
occurred. In this regard they are similar fothe fissures in the Fort Hancock study area. The Picacho
fissure formed on September 11 or 12, 1927, 3 mi (4.‘8 km) southeast of Picacho, Arizona, after a
severe rainstorm (Leonard, 1929). Initially, the fissure was about 1,000 ft (300 m) long; its

greatest measurable depth was 15 ft‘(4.6 m). No vertical displacement was visible at the outset.
The fissure was attributed to uneven settling of basin-fill material, which was intensified by
‘seismic shock of an earthquake that occurred on the evening of September 11, 1927, somewhere in
the southwestern United States or northern Mexico about 200 mi (320 km) from the fissure.
However, “no profound tectonic disturbance occﬁrred in the Picacho area” (Leonard, 1929,
p- 774).

Other fissures have formed either in areas where ground-water pumping has not been
extensive (Robinson and Peterson, 1962), or before ground-water pumping began (Buil, 1972).
Fissures in Black Canyon, Arizpna, appeéred as early as 1936. Near Sells, Arizona, a fissure 0.5
t0 0.75 mi (0.8 to 1.2 km) long was first observed in the early 1950’s. It intersected local drainage
at right angles. At the tfme, groimd water was not used extensively for irrigation. Bull (1972)
described cracks that formed in alluvial fans prior to irrigation. He attributed their formation to
hydrocompaction of moisture-deficient deposits. Water flowing across the surface of the fans
wetted the deposits adjacent to the channels, causing subsidence and cracking parallel to the
channels. These reports of natﬁrally occurring fissufes indicate that they can ‘form as a result of

natural geomorphic processes in arid desert basins.
CONCLUSIONS

The Fort Hancock study area is located in the Hueco Bolson, within the drainage basins of
Alamo and Camp Rice Arroyos. The arroyos have incised to their current levels by adjusting to
base-level changes caused by downcuttin'g on the Rio Grande and by surface rupture events where

the Campo Grande fault crosses the arroyo channels. The arroyos are at their lowest point of
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incision upstream from the fault where the Fort Hancock Fdrmationcrops out in the floors ofj
stream channels. There are ho thu packages of alluvium underlying the aﬁoyo»channels or ﬁlling'
the arroyo valleyé. The recent geomorphic history of the arroyos has been dominated by continual

downcutting interrupted by short periods of alluviation. The most recént period of alluviation
ended 400 to 1,300 yr ago. At present, nickpbihts in alluviu}fn ar_é advancing headward as the

sediments are episodically'rémoved during infrecjuent runoff events.

Rates of headcut retreat in alluvial ﬁll vary by more than two orders of magnitude and depend
upon the time span involved in the calculation. The rate of headcut retreat varies from 1.6 inches/yr
to 5.2 ft/yr (0.04 to 1.6 m/yr) for periods of 400 to 1,330>yrv. Historical rates, calculated for the
44-yr period between 1941 and 1985, are much greater, ranging from 7.2 to 23 ft/yr (2.2 to
7.0 m/yr). These rates apply only. to the remdval of unconsolidated élluvium within the incised
anbyo channels. They do not represent rates of expansion of the drainage network upslope onto -
the lefrelief surface of the study area. Evidence from aerial photointerpretation indicates that
headcut retreat on the strongly cemented calcrete that underlies the study area is much slower than
in the alluvial fill. Some headcuts in valley-side gullies did not retreat by a measurable amount
(50 ft [15 m]) during the 44-yr period examined, whereas some headcuts in alluvium in adjacent
gullies retreated, on average, 490 ft (150 m). These results indicate that the calcrete inhibits headcut
retreat, especially where the éalcréte isa stronbgl’y cemented, larrﬁnated sand.

The strata underlying the study area and cropping out locally are the Tertiary Fort Hancock
and Tertiary-Quaternary Camp Rice Formations and younger Quaternary strata. The older
formations are composed primarily of interbedded sand, silt, arjd clay, with local concentrations of
gravel. The younger Qu‘aternary sediments have less clay and more gravel than the two older
formations. At most outcrops the lower ycontact of the Quaternary alluvium is an eroded surface
overlain by gravel. The younger Quaternary strata can be subdivided into four units: a basal gravél,
a middle sand, a strongly cemented upper sand or gfavel (Stage III-TV calcrete), and an uppermost

layeri (locally absent) of silty, clayey sand. The calcrete underlies the study area mostly at depths
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less than 1 ft (30 cm). Loéally it has been eroded by streams and is cut out by coarse-grained,
~ sandy gravel deposits.

The calcrete is interpreted to be the upper surface of the Madden Gravel, a remnant of a
~ formerly continuous surface developed before the arroyos incised to their current levels. Stage ITI-
IV calcretes typicaily require at least 25,000 to 75,000 yr to develop the laminated character shown
| by this calcrete. ' |

Pedologic data indicate that the Quaternary sﬁ‘ata overlying the calcrete accumulated during
the last 7,500 yr. The §andy strata that have been radiocarbon-dated range in age from 7,510£100
yr B.P. to 1,440£80 yr B.P. ‘A'ccretion rafes for these sediments appear to have slowed
considerably, from 2.1 mm/yr to 0.2 mm/yr, after about 7,000 yr ago. This slowdown may be a
result of a shift toward warmer and drier climatic conditions that occurred about 8,000 yr ago.
Archeological evidénce suggests that parts of the surface in the sfudy area have been relatively
stable for about the last 900 YT.

Shoﬁ—tem (14 months) erosion monitoring has shown that most sediment transport is caused
by surface runoff following intense rainfall events. In the periods between extreme (25-yr
recurrence inferval) rainfall events, very little sediment is moved. Eolian transport occurs where
sand dunes are present, but aerial .photointefpretation showed that individual dunes changed little
between 1941 and 1985. Most environments that were monitored during the observation period
showed 0.25 inch (0.1 cm) or less of net erosion or ’deposition.

The surface of the stqdy area is composed primarily of low-relief interfluves and
drainageways of ephemeral streams. These and other landforms at the study area are the products
of long-term operation of geomorphic processes. Gravel-covered topographic highs and uplands
probably represent coarse- graiﬁed channel deposits of the younger Quaternary alluvium that are
relatively resistant to erosion and consequently have higher local relief than the sandier, more
erodible sediments around them. The dunes that cover the southwest corner of the study area have
been largely unchanged since at least 1941. Terraces and floodplains are formed by downcutting -

and alluviation along the incised reaches of arroyos. Roads crossing the study area act as manmade
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streams du'rinvg‘ runoff events, divet'ting flow ﬁom natural channels and poSsibly enhancing
downcutting in éphémeral stream channels over long periods of time.

Three surface fissures in the study area formed as a result of surface collapse and piping
along preexisting t_ension fractufes. The surface-collapse féattures are aligned in diécbntinuous,
curvilinear segments that overlap locally. All three surface ﬁsisures are in local topographic lows,
which indicates that concentrated overland flow is an essentialt component in their development. A
relict fracture, with no surface fissure above it, has been exposed in a 20-ft/(6-m) deep trench at the
study area. It is not in a topographic low now, but may have been in the past. The surface;collapsc
features that developed over it have been removed by subsequént erosion and deposition.

Tension fractures are typically 0.8 to 1.6 inches (2 to 4 cm) wide where they have not been
widened by erosion or slumping. Mirror-image symmetry of the opposite walls of the fractures is
common. The fractutes extend at least 20 ft (6 m) deep below the ground surface. Internal clay
laminae within the fracture-filling sediment represent multiple filling events and may be evidence of
more than one episode of fracture opening.

The source of tensitmal stress that formed the tension frat:tures is unknown. Similar fractures
in similar settings in Arizona and California have been attributed to differential compaction of
unconsolidated sediments over bedrock irregularities. Compaction is commonly caused by
withdrawal of ground water. However, the water table in thé study area is much deeper than in
other areas where fissures ‘have been studied, and no sighiﬁéant drawdown has occurred in the
study area. Furthermore, bedrock irregularities beneath the study area are buried deeper and have
less local relief than those reported at other fissure sites. |

Fissures are present in other basins in the vicinity of the ‘study area where ground water
withdrawal has not occurred as it has in Arizona and Califomia. In addition, fissures have formed
prior to inception of ground-water withdrawal in some basins. Thus, fissure development appears

to be a natural geomorphic phenomenon in arid desert basins.
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69



DEPTH (ft)

Elev. (ff
s

QUATERNARY

Camp Rice Formation

Ft. Hancock -Formation

STRUCTURE
TEXTURE

COLOR

UNIT

DEPTH (m)

L&,
S

Lo g fafinfon s glogd.
2222222 r2

w
o
1
<

2Ll L Ly AAAL

5YR 8/1

SYR 3/4 to
S5YR 6/4

—2

N

Matrix:
5YR 8/4

-4

|4 |SYR 6/4

1 | Nodules:

A\
5YR 8/4 10
8YR 7/2

5YR 8/1

e

3YR6/4

TR T

5YRE8/27

SYR 3/4 to
IOR 3/4

SYR6/4

5YR 7/2

I TTT
ke kit

Match I‘Tr'\e

S5YR3/4 to

8

10

LOR3/4 L —1

Motch_line____
ﬁ’%‘:““‘ 5YR 7/2 )
i— 5YR 4/410
—_ — SYR3/4 9
. .
c (NI //. 5YR7/2 1] |o 12
© 40— SYR 6/4
-] —_—
g ]
' —_—Ll
o 1 TT
w 1111l ———
HH T =
3 =
g8 Frmoi———
g — —
I — o— —
: I ——— = ——"1|5YR4/41t0
e F————Bvraz | ' L.
11T N
1117 — — o=
T
T S
";T { R ——
T ===
so-HHHHT = = =
LLLLLL LN AL
THEEE S .o
EERE R RS
. S5YR7/210]| |2
5 YR6/4 6
amme W N
g ——=—1|5YR4/4t0| |3
- P——_—_—115YR 4/3
—_— Y -
60— —_— ===
EXPLANATION

PEDOGENIC STRUCTURE

Colurrt\‘na(r |
aliche (relative continuit
(a;ndicaiedf nuty
CaCO3 along fractures
Finely fractured
Well-developed, hard CaCO3
nw?ou Ie developed CaCO
nodu‘w ) 3
Dispersed CaCO3 cement

SEDIMENTARY STRUCTURE
Trough crossbed

Horizontal 'beddinq

Gypsum

Soft sediment deformation
Graded bedding
(coarsening direction)

VL4

SEDIMENTARY TEXTURE
Clay

Silt

Sand

Gravel

CaCO3-coated pebble
Sandstone pebble

INTERSTRATAL BOUNDARY
Diffuse’

Gradual

Abrupt

QA'13263

Figure 2. Measured section along valley wall of Camp Rice Arroyo near study area. The right-
hand side of the texture column represents the weathering profile in outcrop: overhanging,
recessive, convex, and concave. '
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Figure 6. Strata with *C dates near fissure 1. Stratigraphic column was described at 1+05 SW in
trench 4, about 95 ft (29 m) south of the trace of the fissure. All but the oldest radiocarbon-dated
samples were collected there (fig. 19). Oldest sample (TX 6422) was collected 22 inches (55 cm)
above the petrocalcic horizon (6kb2), at a depth of 8.3 ft (254 cm), in trench 5 (fig. 19). Horizon
6kb2 corresponds to the Madden Gravel. Horizon designations and structural descriptions are from
Sergent, Hauskins and Beckwith (1989, their table 3.4c).
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Figure 8. Terraces on Alamo Arroyo, 0.5 mi (0.8 km) upstream from Campo Grande fault.
Terrace heights and bases of former channels alternate across the arroyo, indicating continual
downcutting by the stream as it meandered across its valley. Arrows indicate direction of lateral
movement by meandering stream during incision.
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(b) downstream from the Campo Grande fault. Location of profiles shown in figure 1.
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- Figure 12. Map of erosion pin fields and rain gauges in study area. Center, Diablo Plateau, East,
and West gauges were installed in July 1988. North gauge was installed in June 1988.
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Figure 13. Maximum 0.5-hr rainfall amount (in mm) recorded at rain gauges in study area on
July 29, 1988. No data are available for rain gauge on Diablo Plateau for this date. The East rain
gauge was moved on August 10, 1988, to the location shown on figure 12.
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Figure 14. Graph of cumulative erosion and deposition at erosion pins. Highest values are for
deposition, but mean and median values are near zero. Most measurements larger than 10.02 inchl
(10.51) mm occurred within a month following the most intense rainfall events.
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Figure 15. Erosion and deposition versus lichen crust. (a) Erosion versus lichen crust.
(b) Deposition versus lichen crust. Both erosion and deposition are positively correlated with
absence of lichen crust, indicating that the crust is usually found on a stable surface.
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Figure 16. Deposition and erosion versus local settings of erosion pins. Highest values for
deposition occur in rills and on channel floors. Highest values of erosion occur in rills, local lows,
and on flat areas. Apparently, rills are the most active zones of sediment movement, undergoing
both erosion and deposition locally, although net change during the monitoring period was
generally negligible. Correlation coefficient for linear regression of deposition versus setting, r(d),
is the highest in this study, and is significant at the p(d) = .01 level. For erosion versus setting, the
correlation coefficient, r(e), is equally significant, p(e) = .01.
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Figure 17. Erosion versus percent bare surface at erosion pins. Whereas erosion is positively
correlated with percent bare surface, the correlation coefficient is low (r = .26) and significant at
the .05 level. ’
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there. This fracture was exposed in a 20-ft (6-m) deep trench.
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QA 13257

Figure 20. Schematic cross section of fissure 1. 1 = Stage III to IV petrocalcic horizon; 2 =
fracture in petrocalcic horizon; 3 = poorly sorted, massive gravelly sand; 4 = crossbedded sand;
5 = structureless silty sand; 6 = fractures; 7 = tension fracture, precursor to fissure; 8 = sediment-
filling surface-collapse feature and (inset) fracture; 9 = evidence of continued collapse. Subsidence
at surface and (inset) sediment filling between walls of original fracture and older fracture fill.
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Figure 21. Block diagrams depicting fissure evolution. 1 = Tensional stress induces fracturing;
2 = runoff enters surface fracture, widening it by erosion; water moves laterally along the fracture,
eroding a soil pipe, and moves downward into the fracture; 3 = surface fractures are enlarged by
erosion, surface-collapse features form; 4 = surface-collapse features capture more runoff and
erode laterally; 5 = surface-collapse features coalesce, forming a linear fissure, and fracture fills
with sediment; 6 = fracture and fissure fill with sediment. Vegetation along the fissure trace is more
vigorous due to greater availability of water. After Larson and Péwé (1986, their fig. 7).
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Figure 22. Map of fissures in region of the study area that have been reported in the literature.
The boundary between basins and bedrock outcrops (stippled) is generalized from Direccion

General de Geografia (1982) and Henry and others (1985).
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Table 1. Average interstratal accretion rates of Quaternary sediments at

Depth?
(cm)

0

34
119
150

254

Depth
difference

34

85

31

104

e age
(yr B.P.)

0

1,440+80

6,150+220

7,010+200

7,510£100

study area.*

Age
difference

Accretion rate
(mm/yr)

0.24

0.18

0.36

2.08

the Hudspeth County

Location

Tr# 4, 1405 SW
Tr 4, 1405 SW
Tr 4, 1405 SW

Tr 5, 0+22 to 0+32 NE

*The rate for each sample is calculated by first subtracting the ages and depths from two adjacent samples. The difference in depths is then
divided by the difference in ages. The rate represents the average annual rate of sedimentation between the centers of two samples. The rate
after 7,010£200 yr B.P. is much lower than the rate before that time. For location of sampling sites see figure 19.

t Depth to center of sampled interval. See figure 6 for thickness of sample.

¥ Tr = Trench
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Table 2. Values of drainage density (mi/miz) for geomorphic

Arroyo
name

Alamo
Camp Rice
Diablo

basins.*

Geomorphic zone of arroyo basin

Downstream Dissected Alluvial
from fault zone slope
16.1 19.3 11.0
16.3 19.9 10.8
12.2 14.6 11.1

zones in arroyo

Escarpment

153
15.6
13.8

drainage

Diablo
Plateau

4.9
59
2.9

*Geomorphic zones are listed in order proceeding upstream from the basin mouth to the Diablo Plateau. See figure 10 for boundaries
between geomorphic zones.
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Landform
Dunes
Drainage
'Floodplain

High, topo.

Interdune
Interfluve
Slope

" Terrace
Upland

Table 3. Vegetation and surface sediment on landforms in study area.*

Vegetation
4 ‘ Yucca/
Creosote Mesquite Tarbush cactus

10-45 40-70 5-10 1-10

095 020 5-80 5
90 5 - =
7590 . ~20 s
- 50-95 1-30 5-10 5
~90 B — 5
<90 0-20 — —
~80 ~10 — <5

Grass/
forbs

5-10

0-90 -

510

2-10
5

<5

Other

<10

Surface sediment

Gravel

0-50

0-70
40-90
5-80
1-80
20-40
0-70
70-95

Sand -

50-90
<90

10-60

2090

20-90
60-80
<90
5-30

*Numbers represent percent of total for components listed as determined by visual estimate. These components do not represent all
vegetation types or grain sizes present. A dash indicates that no observation is available for that item.
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Table 5. Record of erosion pin monitoring during study.*

Date pins measured

07/15/88
08/10/88
09/13/88
01/17/89
06/04/89
08/21/89
09/26/89

Maximum 1-hr rainfall
(mm)

Pins installed
36.0
19.2
6.0
7.4
234
17,0

*Maximum 1-hr rainfall is that recorded at one of four rain gauges (data from the North gauge were not available in the field on the days
when other gauges were monitored) during the period between measurement dates. Pins were measured in January and June 1989 because

4 months had passed since the previous measurement.
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- Table 6. Rates of headcut retreat in gullies and arroyos determined by different methods.*

a. Radiocarbon-Dating Organic. Material in Arroyos.

Description of  Distance ~ Period Rate of retreat
Location dated .material (m) (yr B.P.) (m/yr)
A carbonized wood 1,320 92070 1310 1.6
B soil organic matter 175 400£70 0410 0.5

C soil organic matter 50 1,330+60 0.04

b. Photointerpretation of Headcut Retreat Between 1941 and 1985.
(Period used for calculating rates of retreat is 44 yr.)

Drainage Distance Rate of retreat
Location area (km?) (m) : (m/yr)

A 119 310 7.0

B 1.9 115 2.6

C 30.9 : 95 2.2

D 37.8 365 8.3

Ef 299 45 : 1.0
gullies various 150 (mean) 3.4 (mean)

*See figure 7 for locations. The distance of retreat at location C is greater for the period 1941 to 1985 than for 1,330£60 yr B.P. because
the present-day distance between outcrop and headcut was used at all radiocarbon sites to compute comparable. rates of retreat. At location
C, the dated outcrop is only 50 m downstream from the headcut, but vintage photographs document 95 m of headcut retreat between 1941
‘and 1985. ‘

T Headcut at Eisin a Stage IV petrocalcic horizon.
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Table 7. Aerial photographs used for mapping changes in headcuts
and gullies on Alamo Arroyo and Camp Rice Arroyo in study area.

Vintage - Scale
1941 - 1:31,680
1971* 1:16,000
1974* 1:31,400
1985 1:13,680%

*Partial coverage of area, no overlap. In general, Alamo Arroyo covered by 1971 vintage, Camp Rice Arroyo covered by 1974 vintage.
TScale of this vintage varies. Scale shown is for the photos used in this comparison.
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Table 8. Fissures reported in the Basin and Range province of West Texas
and northeastern . Chihuahua.*

Length Ww/D : ‘ Date

Location (m) ratio © Geologic unit formed Source
Bolson El Cuervo — — Bolson deposits pre-1965 5,6
-Eagle Flat 65 04 Alluvium 1927 or 1928 6,7
Eagle Flat — 2.7 “Alluvium 1927 or 1928 6,7
Eagle Flat 910 28 Alluvium 1927 or 1928 6,7
Green River 740 = Bolson deposits pre-1927, 1959 2,7
Quitman Canyon 4,200 02to05 Alluvium 1924 1,7

Salt Flat 800 — Lacustrine deposits pre-1946 ‘ 3,4
Study area \ 140 02to2 Alluvium 1971-1985 this study

*Width/depth (W/D) ratio increases as the fissure is widened by erosion and filled with sediment. Higher values denote older or less active
fissures.

— No'measurement. ‘ ) ) s
Sources: 1=Albritton and Smith (1965); 2=Baker (1927); 3=Goetz (1977); 4=Goetz (1985); 5=Haenggi (1966); 6=Underwood and DeFord
(1969); and 7=Underwood and DeFord (1975).
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