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'ABSTRACT

The Fort Hancock study area is located 40 mi (65 km) southeast of El Paso, Texas, in the
Hueco Bolson on an alluvial stope 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 Rice
Formations in their ﬂoors and valley walls.

- Quaternary strata younger than the Camp Rice Formation underlying the study area can be
7 divided into four units: a basal gravel a middle sand, a petrocalcic'horizon (Stage IV), and an
upper sand. The petrocalcic horizon is interpreted to be the upper surface of the Madden Gravel, -
and, on the basis of its dense, laminated character, took 25 OOO 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 alluvratlon At
‘present, remnants of weakly consohdated alluvral ﬁll, 400 to 1,330 yr old, are being removed from
the arroyos and their tﬁbutaries. by headward migra_ti‘on 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 lower than modern rates of retreat (7.2 to 27.2 ft/yr 22 t0 8.3 m/yr]), which are |
based on interpretation of aerial photographs covering a 44-yr period. For the same time, most
headcuts on petrocalcic horizons have not retreated by a measurable amount. At one location where
runoff is concentrated the average rate of headcut Tetreat 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 change in accretron rates c01n01des
roughlyv with the onset of drier climatic conditions about 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



unchanged during the study. Most sediment transport is a result of .,runof‘f frornintenSe rainfall,
which occurs infrequently. The mostl intense storm recorded during the study was a 0.5-hr, 1.‘3-
inch (34-mm) storm with a 25-yr recurrence interval. Archeological e‘vidence indicates that parts of
the surface of the study area have been stable for at least 900 yr.

The surface of the study area slopes tow]ard the southwest at about al percent grade. The
surface is composed of several landforms primarlly low-relief interfluves between ephemeral
stream channels Coppice dunes are present locally, especrally on the south half of the study area.
Gravel-covered topographic highs and uplands compose a small part of the study area. |
| Three surface fissures have formed in the study area, and an inactive, I‘CllCt fracture has been

‘exposed in a 20-ft (6-m) deep excavatlon 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 fractures by erosion and piping. Uneroded tension
fractures are typically 0.8 to 1.6 1nches (2 to 4 cm) w1de 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 themto
form may result from differential compaction of unconsolidated se‘di-ments over bedrock
irregularities or abrupt facies boundaries. Similar ﬁssures, natural and man-induced, have been
reported throughout the desert Southwest from California to Texas. There is no evidenceof fault

movement on fissures at the study area.
STRATIGRAPHY AND PALEOC'LIMATE

~The studyarea_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 tfcnches on the
proposed site (figs. 3 and 4). In most boreholes only cuttings were recovered from the uppermost
40 ft (12 m); hence, dcscriptions 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 hdve similar lithologic characteristics,
they can be distinguished in the vicinity of the study area. The Fort Hancock Formation cah be
identified in outcrop‘and in core by its high silt and clay content (often greater than 80 peréent) and
dark reddish-brown color (5YR 3/4 to 5YR 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 outcfops 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 5YR 8/4, light reddish-
brown to pink). Locally, it contains cléan (Iess 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 where no core was recovered. In this

study, the highest clay bed was selected as the top of the Fort Hancock Formation. “The top of the -

formatron is at about 4 ,024 ft (1,226 m) (fig 2) t0 4,077 £t (1,243 m) (pl. 2) elevatron in the valley
walls of Camp che ‘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 mformatlon about the straugraphy and
deposmonal systems of bolson sediments is available in Gustavson s (1990) report on these two
_formatlons |
The contact between the Camp Rice Formatlon and the overlymg Quaternary sediments is
recogmzed in outcrops as an eroded surface overlam by gravel (ﬁg 2) This surface is drfﬁcult o
1dent1fy in core because recovery of gravel layers is commonlyl poor Therefore, they probably are
underrepresented in cores and cuttings. As a result in this report the lowest layer composed of
more than 50 percent gravel is deﬁned as the base of Quatemary sedlments younger than Campk
- Rice. By this definition, the base of Quatemary sediments i llS subp_arallel to the ground surface, and:
the.Camp: Rice Formation is truncated by erosion beneath thel west half of the study area (pls. 1~
and 2). | | -
These observatlons are supported by outcrop studies. There are no sandy or gravelly strata of
the Camp Rice Formatron 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 FortlHancock Formatron in Camp Rice

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

Quaternary strata

Quaternary sediments at the st‘udy- area are composed predorninantly of silty,3 clayey 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 Quatemary sect10n but in some cores gravel content

_ decreases w1th depth (pl. 2, wells 77 and 79) In well 38 (pL l) near the north boundary of the



study area, gravel was rerVered throughout a 46-ft (14-m) interval, but lithologies in zones of
poor recovéry are unknown. In outcrops along valley walls,-sandy gravel lay'crsv as much as 6.6 ft
(2m) thick are common. In the walls of thé trenches at ﬁssure 1, the composite gfavel layers are as
much as 13 ft (4 m) thick and 130 ft (40 m) wide. These gravel layers are composed of man‘y |
- individual channel d¢posits, which are usually 'abou't 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. Paieoﬂow directions of the
gravél lenses in outcrop, indicatcd by pebble imbri¢ation, vary from southwest in Camp Rice
- Arroyo to noffhwest in outcrops along Aiamo Arroyd. These correspond roughly to the directions
of flow in modern-day channels. | - -

- Near the ndrthem edge of the study aréa (well 38, pl. i), Quaternary alluvium overlying
older bolson sediments is 59 ft (18 m) thiék. Near the southern edge (fig. 2; pl. 1, well 72), these
sediments are less than 20 ft (6 m) thick. Albhg 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
10¢ally they are completely eroded aloﬁ g valley walls of Alamo Arroyo. | |

vThe Quatemafy‘ fluvial sediments exposed in outcrops can Be divided into four parts: a basal
gfa;/el,‘ a middle sand unit, a strongly cemented upper sand or gravel, and an uppermost layer
(locally absent) of silty, clayey‘ sand; Locally theifine-g'rained bolson sediments are eroded and
covered with sandy gravel on én abrupt, irregular contact. The basal gravel layer rénges in
thickness from about 1.6 to 7.9 ft (0.5 to 2.4 m) Gfavel 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 caI{ be ﬁghter (5YR 8/4: pink). Sandy interbeds as much
as 1.6 inches (4 cm) thick and 7.9 ft (2.4 m) wide are presentv loéaily in this unit. Sedimentary
structures inc;lude 1ow-ang1e trough Crossbeds, tabular crossbeds, and horizontal bcds; Gravelv
clasts measure as much as 10.6 inches (27 cm) in diatvneter,'b-ﬁt ‘fn‘o'st-range from 0.4 to 1.2 inclies
(1to 3'cm)k. Dimcnsionsof channel-fill depésits and grain size of sedimenfs‘ seen in outcrop are

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

s



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 cernented with
calcium carbonate, which ranges from being dispersed throughout the horizon to being
- concentrated in indurated nodules. Color ranges from SYR 3/4 to 5YR 6/4 (dark reddlsh-brown to

hght reddtsh brown) _

A strongly cemented silty sand or gravel overlies the middle sand. The color of the sand is
lightened by the carbonate cement to white (SYR 8/ l)> Locally, two carbonate-cemented
(petrocalcic) horizons are present within 16.4 ft (5 m) of the surface (fig. 3; pl 3). Carbonate
cement decreases downward from the top of both units, wluch are eroded and overlam by sand and
sandy gravel In upper parts of both cemented horizons, where they are sandy, the cement is
honzontally laminated, w1th layers as much as 0.8 in (2 cm) th1ck containing 1nd1v1dual laminae .
0.008 in (0.2 mm) thick. The amount of carbonate cement in each horizon vanes, but locally they
are indurated and dense, and vertical faces and fractures are coa‘ted 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 per'lods of landscape stability. These periods, represented by the well-
developed calcretes, are separated by sediments that were deposited ‘during an interval when
streamflow on this surface probably was more frequent ‘The upper petrocalc1c horizon is
interpreted to be the Madden Gravel surface on the basis of its degree of development, its apparent -
lateral continuity across the study area, and its topographic position hlgher than other gravel-
capped surfaces along the maJor arroyos. Th1s horizon has been cut out locally by streams, whrch
are represented by coarse-gramed gravel deposits (fig. 4). |

The upper calcrete is overlain by unconsolidated sediments of yariable thickness. Throughout
most of the study area, these sedirnents 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‘southwe‘st across the study area, indicates that't-he carbonate-rich horizon formed on a

land surface subparallel to the current one.



These unconsolidated near-surface sed1ments compose the fourth and youngest component of
the Quaternary sequence at the study area. They are best exposed in trenches that were excavated
near the center of the study area (fig. 3). On the basis of texture and sedrmentary,structures, the
‘sediments overlying thevuppermost ‘calcrete can be divided into three subunits: |

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

(2 Overlylng the lowest subunlt 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 trenches. The contact is marked by an upward decrease .in the
number and lateral extent of crossbeds. - v

(3) The th1rd subumt has no crossbeds and is slightly finer grained than e1ther of the two
underlying subunits. It is predommantly 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 d130) at about ZO:inches (50 cm)
above the petrocal_cic horizon (fig.: 6)."' l)etails of the technique used for dating are available in
White and Valastro (1984) and l—Iaas and.others (1986). These are bulk samples of organic ‘
residues from the sediments; ﬂconseq'uently, 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 sedlment Apparently, the ground surface at thls locatlon has been aggrading slowly for
about the last 1,400 yr. ) | |

A sna11 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
Hawaua neomexzcana (identified by Dr. Raymond Neck, Texas Parks and W11d11fe Department)
Snails of this species are extant in the region today (Metcalf 1984), and their shells have beenvv

collected from the surface at,the study area. They are adapted to protected s1tes w1th reduced



desiccation stress, Such as decaying leaf litter or the underside of rocks or wood (Raymond Neck,_
written commumcanon, 1989). | | b

On the ba51s of s1mrlant1es in radiocarbon ages from thls and the Organ geomorphlc surface
in ‘southern New Mex1co,. and on 51m11arrt1es in their posurons relative to other geomorphic
surfaces, the study area is interpreted to be on the Org‘an geomorphic surface. ‘This.i:s the yo_ungest
major depositional 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).
o Srmrlarly, most alluvium above the petrocalcic honzon at the study area accumulated between about
7,510 yr B.P. and1440yrBP(ﬁg 6). |

Accretlon rates of the sedlments that overlie the petrocalcrc horlzon have been calculated on
the basis of these radlocarbon dates (table 1) Accretlon rates range from 0.007 to 0 08 m/yr (0.18
to2.08 mm/yr). There is a marked change to lower rates after 7, 010+200 yr B P. (table 1) Only
one data point is avallable for the older materials, but the decrease in accretion rate is borne out byr
the presence of primary sedrmentary structures in the oldest dated horizon ‘(_ﬁg. 6). These
sediments‘ accumulated and were‘ buried rapidly enough to protect the Sedimentary structures from
bioturbatiOn. Younger deposits accumulated r_nore slole. During periods of ’landscape stability‘f |
| these ﬁne;grained materials were burrowed penetrated by roots, and probablyreworked by eolian
processes. The decrease in accretlon rate may be a function of change in chmate toward dner

condmons Wthh occurred about 8 000 yr ago (Van Devender and Spauldmg, 1979)

Paleoclimate |

- During the Wisconsinan Full—Glacial Period, about 25,000 to 14,000 yr ago, the climate of ,
'the southwestern Uhited States yvas cooler and moister than 1t is now (Hall, 1985). In the Late |
Glacial Period, 14,000 to 'l0,000 yr ago, climatic conditions becam‘e,warmer and drier (Hall,
1985), and a transition from' glacial to post-glacial vegetationg occurred throughout the Southwest. |

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



the Southwest (Van Devender and Spauldrng, 1979) By then, however, woodland species in the -
- lowlands were replaced by grass (Van Devender and Spaulding, 1979) Woodlands still existed in
the Hueco Bolson east of El Paso from 8,000 to 4,000 yr ago, when they were replaced by grass
(Horow1tz and others, 1981). -

According to Van Devender and Spauldmg (1979), the present~day chmate and vegetation of_
- the southwestern United States, with short-hved variations, have been estabhshed 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 (25() krn) northwest of
- El Paso. o | o | ~

From about 4, 500 to 3,000 yr agothe olimate in the study area was moister than it is today
(Horow1tz and others, 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 transmon from
desert shrub to grass that began between 5,000 and 4 OOO yr ago Th1s represented an increase in
available soil moisture. Grasslan_d and shrubland‘ alternately dominated in the Hueco Bolson east of
El bPaso (Horowitz and others, 1981). The ’climate began to dry again 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 1ncludes the study area (Van Devender and Spaulding, 1979).
According to Van Devender and Spaulding (1979) this is the most recent major vegetational )
change in the Southwest induced by climate. This period of soil erosmn 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 yT ago, olimate 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 luxurxant grass cover lasting from about A.D. 1610 to

1660 (Horowitz and others, 1981).



- The volldest dated sediments overlying the petrocalcic:horizon in the study areavhave 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 Devender'and
Spaulding (lu979) These data indicate that most of the Quatemary sediments overlying the
petrocalcrc horizon at the study area have accumulated within the last 7, 500 yr under chmatic (and
probably hydrologlc) conditions similar to those that currently prevall 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 ev1dence that deposmon and
erosion occurred episodically throughout this period on this surface |

At present, alluvial-fill deposits in arroyos near the study garea are being eroded. Two of these
deposits’ have been radiocarbon-dated 'v(ﬁg. 7).‘The ages of these terrace deposits (92070 and
1,330+60 yr B.P.) bracket the age (1 13090 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
gullles and arroyos occurred throughout the RlO Grande valley in westem Texas and southern New
Mex1co from about 1 ,330 to 920 yr B.P. Since then these alluvial dep051ts have been m01sed

Deterrmning whether incision in the study area is rclatcd 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 pronouvnced_» arroyo deVeloprnent began in the
'southwestem United‘Statesin the second half of the 19th century (Brvan, 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 iarroyos can be formed 1n 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 subparallel to the axis of the Rio Grande valley and is approximately
- perpendicular to the axes df 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 s;eepencd 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 weré graded to thc new, lower base level. The amount of incision bn

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 caxi be correlated
upstream and downstream from the fault, downcutting on the Rio Grande probably is moi'e
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 evolution of the Rio Grande valley in
southern New Mexico and western Texas includes the folldwing stages: (1) excavation of dle axial
valléy and at least the lower segments of tributary vaﬂeys during waxing and full-glacial intervals;
(2) deposition during waning glacial and early interglacial times; and (3) relative stability during the
remainder of a given interglacial interval. According to this scenario, thé Rio Grande is now in a
period of relative stability, which shduld persist until the oﬁset of a climatic change to wetter
conditions, when valley excévation will recur and the arroyos will probably incise again.
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 processes of
meander cutoff, stream capture, and oversteepening due to deposition can causé changes in erosion
and deposition. Furthermore, dam construction or destruction and changes in land use and
sedifnent yield affect stream behavior. The record of some of tﬁese processes is paﬂiélly 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 continual 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 removal of alluvial ﬁll inv the upper reaches of Alamo and Camp Rice
Arroyos by upstream m1grat10n of headcuts . |
Typical of these dep051ts 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 theif low height above the stream and
- the absence of well-developed calcic hdrizons thaf are charaéteristic of higher, older terraces. The
three terrace levels are at unequal heights (unpaired) above the ﬁresent stream. The fluvially
“deposited sediments are less than 6.6 ft (2 m) thick and lie unconformably on top of the Fort
Hancock Formauon not on older alluvial fill. ThlS arrangement of relatlvely thin sediments dlrectly
~ overlying much older bolson sedlments at heights that alternatc across the stream is the result of
dowhcutting by the stream as it meahdéred several times across its valley, leaving overbank and
channel depdsits behind. This mode of terrace development 1s signiﬁcant.because it sﬁggests thai
during the recent geologic past, downcutﬁn g has been the dominant ﬁtream process in this basin.
Two other observations support ’vthisvco‘nclusion: exposure of Fort Hancock stréta and removal of
alluvial fill. The Fdrt 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 le\?el of incision. Where
alluvial fill is present, as in the upper reaches of Alamo and Camp Rice Arroyos and 1n some
valley-side gullies, it is being efoded as nickpoints migfaté 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 b.ascd on the C vag‘es of organic material in
low terraces along tributaries of Alamo Arroyo. Carbonized wodd from ‘a‘ 5.7-ft-high (1.75-m)
terrace (fig. 7, locat_ioh A) has been radiocarbon-dated at 920+70 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 beeh
radiocarbon-dated at 1,330i60 yr B.P., agle-corrvected for 813C. The dat§ was obtained on the
humic acid fraction of the 6rgani¢ hﬁmates in a sandy, silty,‘clayey organic layer. The dating -

technique is described by White and Valasl_ro (1984) and Haas and Vothers‘ (1986). This_datc 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 debosition 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 incised 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, extendin g from the alluvial slope down into the 5.rroyo 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 'bein g 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). Thésg’ 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 w1dest of the three basins 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. 904 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 pomt 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 har/e been part of the Camp Rice Arroyo

drainage system. The tributary from Pear Canyon that now flows i'nte Alamo Arroyo‘ makes a

sharp 55-degree changein 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 upslope, but in the past they may have carried overland
flow into Camp Rice Arroyo fro'm:Pear Canyon or from the area now lying between the two
arroyos. They may have been beheaded by a tr’ibutary of Alamo Arroyo that migrated eastward and
captured their headwaters. | | ' | |

The Campo 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 croeses each arreyo. These nickpoints migrated upstream
'until new profiles were established. This headward advdancernent of erosion up the drainage
networlt eventually' reached the lower order streams. Extending upslope until they oceupied the

entire drainage basin, these lower order streams eliminated unintegrated areas between the basins.
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Downslope from the fault, where the arroyo base level is unéffectcd 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 4,0007 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 underléin by
the Camp Rice Fdrmation and covered with coppice dunes. Upslope from the fault the inte‘rﬂuve‘s
~ are much narrower than they are downslope from the fault (fig. 9). Alamo Arroyo has cut the
deepgst 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 6f 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 (Keller, 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 unvcgetated, leaving surfac¢ materials unprotected during high-intensity
rainfall. The fine-grained sediments are more coherent than sandy sediments in younger
formations; therefore, more rills can fo_rfn per unit area where Fort Hancock Formation is exposed.
These precuf/sors to low-order streams collect runoff and expand- the drainage network, narrowing
the undissected interarroyo drainage divides. This process éventually leads to higher drainage

density.

Drainage Network Differences

Drainage density is a measure of the length of stream channeis 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 ;1pslope
to the highest V-shaped topographic contour. The resulting networkvwas 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 clirnate, erodibility of substrate; basin relief and vegetation ‘cover (Gregory and
Gardiner, 1975; Ritter, 1978), dramage dens1ty can be used to descr1be the interaction between‘
these variables.

" A previous study showed that mean drainage density and total stream len gth in a basin were
highly positively correlated (2.96, p<.02) with various measures of diseharge in intermi-ttent
streams in northwestern Texas and northeas_tern New“ Mexico (Baumgardner, 1987). This
relationship suggests that, under sirnilar conditions, areas with higher drainage density vrill lraVe
higher discharge than areas with lower drainage densxty This correlation is easﬂy understood
because in h1gh-dra1nage—densxty areas, runoff travels shorter distances before be1ng collected into
channels and is therefore more qulcklyl concentrated and moved downslope, 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 highestb drainage density, these zones are Diablo Plateau, |
alluvial slope, scarp, area below tlle fault, and dissected surface above the fault. Drainage density
varies from a low value of 2.9 mi/mi? (1.8 km/kmz) to a high value of 19.9 mi/mi? (12. 3 km/kmz)

| - The relatively high drainage dens1ty and high local relief of the escarpment upslope from the

alluvial slope indicate that ra1nfall on the escarpment will be collected in channels and conveyed

- downslope relatively quickly. As runoff reaches the alluv1al 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 thechannel network and spread out of the poorly defined ephemeral

~ channels, covering wide areas of rhe alluvial slope with athin 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 fhat 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). Tl1e topographic confours on‘_this 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 tendsto 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 rainfail), basin
relief, and vegetation cover, indicates that the alluvial slope where the study area is located is
relatively inactive compared with other parts of the arroyo basins. As the dissected zone above the
Campo Grande 'fault expands, the areal extent of the alluvial ’sIope will be reduced. The rates at
which dramage networks have grown headward in the historical and recent geologlcal past provide
an estimate for future rates. These rates and the vanables that affect this expanswn—substrate,

climate, and vegetatlon—are discussed in subsequent sections of this report.
Landforms in the Study Area . | -

The surfaceof the study area has nine types of natural landfonns that can be distinguished by :
their shape, local relief, elevation and position relative to other landforms, _vegetation cover, and
grain size of surficial sedintents‘ (fig. l'i; table 3). Landforrns were mapped on aerial photographs
at a scale of about 1:13,680, then checked in the field. by describing the vegetation, surficial
sediments, and local topography at surveyed locatlons in the study area. | |
7 The study area probably was once predommantly grassland (Horow1tz and others, 1981).
According to Branson (1985), the vegetation on | much southvs{estern semidesert range has shifted
from grass to brush since livestock ranching began there. Branson’s _conclusions are based on a
suryey of scientiﬁc literature about vegetation change on western rangelands. The primary invaders
of grassland in this region are mesquite (Prosopis gldﬁdulosa_) and creosote bush (Larrea
‘tridentata). Their propagation is fostered by overgrazing (which disperses seeds and contributes to
destrUcﬁon of the A soil horizon), drought, and possibly, a decrease in range fires. Some research
01ted by Branson showed that conversion of desert grassland to desert shrubland was permanent” )

" because of the loss of the A sorl honzon (York and Dick-Peddie, 1969). In partlcular, invasion by ‘
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creosote bush was found to be pt_'eceded or.acce'm;‘)anied by soil loss (Gardner, 1951). However,
even in areas protected from ‘grazing, woody species ‘Were reported to continue increasing,
- probably due te the reduction in range fires (Hnmphrey and Niehrhoff; 1958). Other workers cited
a long-term temperatnre increase stnce 1900 and altitudinal shifts in xeric épecies to support their
~ conclusion that vegetation changes resulted from climatic change and_ livestock grazing, not from a
reduction in range fires (I-Iastings and Tumer,b.1‘965)v.b | |

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 but
is alse found on other landforms. These obsefvations'agree with results reperted by Satterwhite
and Ehlen (1982) fer studies in southern New Mexico, where they found creosote bush on shallow |
soils overlying bedrock or petrocaicic horizons. Where eolian deposition was occurring, the plant
community was dominated by’mesquite. MeSquite was pre\}alent where soil depth was 6.6 ft 2 m)
~or more, whereas creesote bush was usually festriCted to areas where soil depth‘ was bless than
1.6 ft (0.5 m). Potential eqi}l-w_ater-holding,capacity contrels plant distribution in this area. Tarbush
(Flourensia cernua) and mesquite are less drought-tolerant than creosote bush (Satterwhite and
Ehlen, 1982), hence,thei'r greater abundance on 'drziinagvelways. | |

Comf)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 ehange position
appreciably during that period. Woo‘dy: vegetéttie‘n»on arfoyo floors increased duﬁng this period.
. Individual plants that.ean be seen in both vintages grew larger between 1941 and 1985. Vegetation
cover on the interfluves also increased. Vegétated 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 p‘eriod.‘Howe'ver, whether this trend is due to ovefgrahing ,
or reduction of fires is not known. L } " |

- The plants discussed below are not the only oneS in the study area. These species were

selected because their abundance is characteristic of some of the landforms described. Other



| perennial plants are present, but 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 deposrts of srlty fine sand as much as 5 ft (1.5 m) high and 33 ft
'(1.0 m) long. Most are about 33ft(1 m) high and less than 16 ft (5 m) long. Dunes are dlstlnctly
topographically higher than their surroundintgs. They are more common 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 between individual dunes ranges from 20
to 65 ft (6 to 20 m) The dune surface i is composed pnmanly of sand (50 to 90 percent) and gravel
(as much as 50 percent, locally) whlch is brought to the surface by burrowing animals. Dunes are
usually stabilized by woody plants (mesqulte, Prosopis glandulosa or the xerophyte, creosote
bush, Larrea trzdentata) Grass is abundant seasonally, and mesqulte (as much as 70 percent of all
vegetatlon) is more common here than on- any other landform (table 3). Llchen crusts are present
locally on the soil surface. |
Drainageway (Dr): This is the lowest vmappable surface adjacent to a recognizable channel of
an ephemeral stream. Channels 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 = 1.6t0 10 ft [0.5 t0 3.2 m]). Where no channel is
present other signs of concentrated overland flow are evrdent such as meandenng swales w1th
thlcker vegetatlon cover, or shallow, discontinuous swales. Gravel bars and channel lag gravels
are present locally, covering as much as 20 percent of the ground surface This landform is subject
to 1nundat10n by overbank flow. Frequency and depth of mundatlon are not known. Roots of
woody plants (creosote bush, tarbush)_ commonly are exposed by erosron. The soil cover and
grass are stripped locally in zones 33 to 100 fit (10 to '30 m) nvide on both sides of the channel.
, Underlying sed;ment is slightly compacted silty‘ fine sand. ‘Farther from the channel, where grass
inhibits overland flow, clay drapes are common, with abundant desiccation cracks. Trash lines of
i plant debris deposited by overland flow are~preSent, and licheh 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 1andform (table 3), comprising as much as 80 percent of all vegetation., Woe'dy plants
are more common where 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.

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

Hzgh ‘topographic (H): Gravel-covered topographlc highs are usually about 1.6 ft . 5 m)
B (range = 1.6 to 33 ft [0.5 to 1 m]) hrgher than the surrounding ‘surface. They are 33 to 66 ft (10 to

| 20 m) wide ahd 66 to 165 ft,(20 to 50 m) long. Most trend southwestward,, subparallel to |
drainageways. They are higher than adjacent landforms but do not have as mueh lecal relief as
uplands. These features probably develop into uplands through denudation and preferential erosion
of finer grained s_edirnents around them. Gravel composes 40 to 90 percent of the ground surface; |
the rest is silty fine sand. Only uplands have mere gravel. No desiccetion cracks are present. These
landforms are usually sparsely covered by creosote bush (as much as 90 percent of vegetation
present) Low copplce dunes are present locally. o

Int'erdune (Id): Th1s landform is adjacent to dunes but is tepographically lower. The ground
surface is composed pnmanly of srlty fine to very fine sand (20 to 90 percent). Locally derived
gravel (carbonate-cemented sand) is present (mostly less than 50 percent), brought to the surface
by burrowing mammals. No channels or swales are visible on aerial photographs, although
ephemeral channels less than 1.6 ft (0.5 m) wide and 1.6 ft (OA.5 m) deepvmay be present between
dunes. Vegetation is prirnarily creosote bush (75 to 90 percent) with some mesquite (10 te
20 percent) and grass in scattered clumps (5 to 10 percent). |

I nterﬂuve (If): This low- relref landform is the most common one in the study area.

Constituting most of the land surface between dramageways, it is mtermedlate topographrcally
between drainageways bor terraces (lewer) and topographic highs or‘ uplands (higher). No evidence

of concentrated overland flow, such as channels, swales, thicker vegetation cover, or exposed
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roots of woody vegefation, ex’ists on this surface. The sﬁfface» may have sandy, clayey silt drapes
over silty, very ﬁne to mediﬁm sand. Gravel usually aceounfs? for less tﬁan 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 cérbohate—cemented sand; which is derived from the petrocalcic
horizon that underlies the ground surface. Desiccation crecks are comnkxon’ ioeally. ‘Small
(20 inches [50 cm] high and as much as 16.5 ft [5 m] long) eoppice dunes may be present.
 Creosote bush is common, usually about 80 percent ef vegetation present. Mesquite, graSs and
' ferbs, cactus and yucca, and tarbush (where present) each éccount for between 1 and 30 percenf of -
| all vegetafionf(table 3). | - o | ‘ |

Slope (S): Identified mostly by its distinctly sloping surface, this landform lies between a
higher surféce, such as an upland, and a lower surface, such as a drainegeway. It is covered with
locally deris/ed sediment. The ground sui'face} is composed of fine to coarse silty sand (60 to
' 80 percent) and gravel (20 to 40 percent). Desiccation cracks are commor_i and lichen crusts are
present locally. Vegetation is predominantly creosote bush (v_‘asvmuch as 90 percent), mesquit_e,
~ cactus and yueea, and grass and forbs each comﬁosing absvymuch as 5 percent of the vegetation.
Vegetetion cover is slightly thicker than on topographvic‘ highs. -

- Terrace (T): In.the study area, these alluvial surfaces are f‘ound only along the incised reaches

of Camp Rice Arro‘yo and a tributary to Alétho Arroyo (fig; 11). They slope downvalvley and
toward the stream channel. They are remniarrlts of a former floodplain of the stream before it incised
to its present level.’ Because they contain parts of former ﬂoodpiainS and drainageways, the surface
sediments are similar to those seen on those landforms. The sﬁrface' vsediment is 1oca11y gravelly
where srhall fans build up at the mouths of ’valiey-side gullies that debouch onto the terrace surface.
Creosote bush is the dominant perennial plant species. | ‘ |

Upland (U): These features have the highest local relief in the study area. They are
distinguished from"topogr'aphic‘ highs on the study area by great%er' loeal relief. Uplands are“avs much -
as 10 ft (3 m) higher than adjacent landforms. Steepest slopes on their ﬂanksv‘ are about 6 percenf._

_ Thes‘e 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). Gra\}el covers the ground surface in greater
concentration than énywhere else (70 to 95 pefcent). 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), gfass and
forbs (5 percent), and cactus (5 percent). In aerial photographs, thé texture of this landform
appears smobther than that of others, probably because vegétatioh 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 dérived by erosibn from ouicrops Qf liniesione and sandstone
along the Diablo Piateau escarpment.

One manmade feature (roads) in the study areé has had an important impact on landforms.
Because the " topographic relief 6f fhe study area is low (slope =1 perc.:‘ent') and ephemeral streafn
channels are‘. shallow (usually less than 2 ft [60 cm]), the graded county roads, which are as much
as 2 ft (601 cm) lowgr than the adjacent surface, ‘captu'r‘ev sUeamﬂow wherever they intersect the
~ natural dréinage network. As a result, runoff is concentrated in the roads, and its erosive power is
thereby increased. The effects of this :pfocéss’ can be seen during and after high-intensity rainfall
evénts, when roads fill with water and act, essen»tial'ly, like manmade streams. After the water
reced‘es,‘ the effects of overland flow are plainly visible,' The roadbed is locally scoured clean of
fine-grainéd sediment, revealing the strongly' cemented petrocalcic Horizon underneath. The long-
term effects of this drainage diversion could include aécelerafed retreat of héadcuts in arroyoé
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 gullie"s.‘
PRESENT-DAY PROCESSES

The most important geomOfphic 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 rainfall at the study area and upstream from it, four coﬁtinuously recording rain
gauges were installed in July 1988 (fig. 12). These gauges measure rainfall in 0.2 mm in'crerricnts,_
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 beben operated by Texas A&M University since June 1988. That rain gauge measures
precipitation in increments of 0.01 inches. Erosion pin fields were installed near each rain gauge in
July and August 1988 to monitor erosion and deposition. Crest-stage gauges were installed near
each pin field in October 1988 to monitor depth of overland ﬂo§v, 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 largest 0.5-hr event recorded between July 15,
1988, and December 31, 1989, was 34 mm at the East rain gauge. On the basis of interpolation
between isohyets on maps of rainfall recurrence intervals (Hershfield, 1961), this rainfall intensity
has a 25-yr recurrence interval. As is common for convective-cell thunderstorms, this rainfall was
limitcd in its areal extent. Precipitation amounts for the same storm at other rain gauges in the study
area less- than 2 ml (3 km) away were less than one-third the maximum (fig. 13). Maximum values
of the O.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 penod equalled the ‘maximuvm_intensities of events that have been recorded in
" El Paso, which is about 40 mi (65‘ km) to the norihwcst. |

The total rainfall fc}i" calendar yeaf 1989 at the S rain gaﬁges ranged from 5.2 t0 9.3 inc;he's
- (131 to 237 mm). Short data gapS in the records for Center and East' gauges were filled by usinga
Thiessen network of polygons (Lihsley and others, 1949). The polygons were formed by drawing
perpendicular bisectors of lines‘connecting the gauges‘ that had data for those détes. Rainfall
amount at the gauge with data was assigned f,o the gauge in the same polygon that‘had a data gap. .
The mean annual rainfall from 1966 to 1987 at Fdrt Hancock was 11 inche‘s (280 mm) '(J_. R.
Scoggins, Texas A&M Univérsity, written communication, 1989). Assuming that during the same
period, rainfall at the sfudy areé was approximately the same as that in Fort ﬁancock, which is
about 11 mi (17 km) from the nearest gauge, fhen_ 1989 was a drier than ailerage year at the studyv

area.

Erosion and Deposition

Short-term

To monitor erosion and dg:position in the study area, erosion pin fields were installed near -
each rain gauge. Erosion pins are nails that are 10 inchés (25 cm) long and 0.4 inch (1 cm) in
diameter that have been inserted through a metal washer. Initially, eaéh pin was driven vertically
about halfway into the ground and the waSherv rested on the ground. Pin-to-grodnd and pin-to-
washer measurements were recorded. Pins were remeasured monthly 1f 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-td-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 ’curnulativé result is presented

here.
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The effect of large runoff events is reﬂeeted in the data collected from erosioﬁ pins. Of the 23
pins that recorded more than 0.2 inch (0.5 cm) of cumulativ.e erqsion or depoéition 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 pinis most of the erosion or deposition
occurred' within the fust month of the monitoring period, when; two of the most intense rains of the
entire study were recorded (July 19 and 29, 1988) (table 4). Two more pi'ns ‘recorded most of theivrv
,depositiovnvin August 1989, as a result of the second most intense 0.5-hr rainfall recorded at the
study area (North gauge, table 4)QIn these pin fields,'ruﬁoff resulting from intense rainfall is the
prihcipal agent transperting sediment. No measurable eolian transport has occurred.

~ Overland flow is the pﬁﬁaw means of sediment ttarfsport,fés ‘sho_wn by the numerous
shallow rills that cross the pin fields and by the small (usually <2 cm high) piles of plant debris
»(&ashlines) that remain behind after runoff has ceased. Some eediment'is dislodged by rainspiash,.
as indicated by sand grajns adhering to the sides of erosion ,piﬁs and rain gauges after rainstorms.
But, there has been no significant development of hoodoos (earth pﬂlars) beneath the metal
washers around each pin. This indicates that sediment removal by raindrop inipéct has been
negligible. Furthermore, slepe’s in the pin fields are so low (mestly <3 degrees) that there is no net
d_ownsiope 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 recorde_d 0.04 1nch 0.1 cm)’ or less of cumulative
erosion or deposition between July 1988 and Septerhber 1989 (the last time pins were measured)

- (fig. 14). Thus; nearly half of the erosienv pins ére recording little er no charige’ in the level of the
ground sufface. Several vfactors Were eiamined to determine their effect on erosion and deposition.
These include‘dv local setting (such as rill, channelb,or slope), angle of loeal slope, percent bare
surface, percent gravel, percent sand, silt and clay, and presence or absehce of a lichenous soil
crust. Linear and simultaneous regressions of several factors Wefe perforrhed uSing either erosion
or deposition as the.independent variable. Each of t_he'envi'ro‘hmental faCtofs 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 10Cal setting (fig. 16). Deposition is signiﬁcaﬁtly 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 fepresentative surface sample was collected at each pin field for laboratory
analysis. Most samples were silty sand. Three, with small amountsvof 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 depositioni absence of lichen crust (fig. 15); local setting
(fig. 16), and percent bare surface (fig. 17). However, the r values arevquit"ev low (£.48), and the
highest r value accounts for less than 25 perceht of the variabiiity in deposition observed. FCIcarly, |
other conditions are affecting sediment transport. | |

Both erosion and deposition are positively correlated w1th absence of lichen crust (ﬁg. 15).
The presence of a crust indicates a stable surface, undergoing neither erosion nor deposition.
Absence of a iichen crust probably is an effect of erosion and deposition, not a cause of eithe_r one.

\Erosion is p‘ositively correlated with percent bare surface (fig. 17), but deposition is not
negatwely correlated with percent bare surface. Th1s suggests. that vegetation protects the surfacc |
from erosion either by blocking direct raindrop impact or by 1nh1b1t1ng overland flow, but it does ’
not promote deposition. Nevertheless, the correlatlon 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 valués of vcorrelation c_oefﬁciehts are associated with setting, the effect
of ldcal setting on efosioh or depoSition is not straightfor\;vard (fig. 1“6). Highest values of
deposition occur in rills and on channel floors. Highest values of erosion occur in flat aréas, local
lows, and rills. In general, these results suggest that rills are the njost active ’e'nvironments,»
‘ undcrgoing erosion and deposition. Channelsvvare undergoing more depositionb locally, than
erosion. Flat areas and local slopes are about equally affected by erosion and deposition. Local
highs are characterized by low- magmtude erosion, and local lows commonly undergo deposmon

In summary, these results indicate that for the short period of observation (14 months)
deposition is more common than erosion in the envirohments being monitored. Even in éhannels,
where more sediment prob}ably: is beihg transported, deposition occurre‘d» more frequently than
erosion. The mean and median values for all pins are close td zero. The monitoring peribd 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 fecent stability of the surface in the study area can be inferred from archeological
evidence. A projectile point; a sherd of brownware pottery, and a unbi‘face‘ grinding stone (mano)
were found tbgether 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 o’;:éupied from about 4000 B.C.‘ uhtil AD. 11>00
(Gerald, 1988). The,értifacts wéré found near hearths containing soil blackcﬁed with charcoal. If
the-se objeéts are contémporane'ous with the hearths, then the surface in their vicinity has been
stable for at least 900 yr. The presénce of a 1,400-yr_-old soil horizon at fissure 1 within about
10 inches (25 cm) of the ground surface suppbrts the conclusion that the Sufface 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 headcuf retreat in alluvium in
ar-royosk around the Study area (table 6). First, ‘radioc_arbon‘ages of alluvial sedinients were used to
estimate long-term rates ‘of erosion‘since alluvial sediments were deposited. Second, headcuts were
located on aerial photos of ,differentb vintages. The distance between headcuts on the saine 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 920170 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 sédiments 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 headdut
retreat, which has exposed the buriedv 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 these
rates are high, they apply only to erosion of the unconsolidated alluvium in the arroyos. Théy 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 controls sampling location. For example, if a
suitable outcrop of the soil 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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beti:veen ihe 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 contixiuous, as
g vis assumed; then the calculated iétreat distance and rate would be less than that shown (table 6a).
_ There is some evidence for this possibility. There may have been several headcuts upstream from
the dated deposit},‘ as there vare now on Camp Ricé Arroyo, and the alluvium may have been
removed in stair-step fashion. Conversely, assurnptioh 3 tends to »minimize the calculated rate. If ,
the ériginal headciit had been farther downstream than its assumed position neér the dated deposit,
the calculaied' distance and rét‘e wouid be_ gréate_r than that shown (tablé 6). Assumption f-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, réWorked organic matter.:The opposing effec‘ts_b of ’assumptions 3 and 4 are about the same
magnitude and cancel one another 6ut, to some extent. Because the actual time of onset of incision
is unknown, the magnitude of the effect of assumption 2 is unknown. Giveri the mode of
deposition of the dated organic matter, assumption ul’ is probably quite reasonable and therefore

gives an accurate retreat rate.

Photointerpretation

Analysis of aerial photos taken in 1941‘,‘ 1971, i974, and 1985 shows that measurable
headcut retreat has occurred within the last 50 yr on Alamo and‘Cainp Rice Arroyos (table 6).
Headcui retreat was observed on 103 separate headéuts around ‘the study aréa; which is less thaii
half of the headcuts that can be seen ‘Oh arroyos and yalley-side gullies ai 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 m_easuréd on the 1985 photographs (table 7).>Headcut retreat less than 50 ft (15 m)
cannot be r‘elieibly mappéd because of theilov‘ver resolution of the 1941 photographs and because of

differences in shadow orientation. Headcuts are easiest to see where they are acccntuated by

shadows. But shadows iri 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 whenv only the shadows
are oriented differently. Nevertheless, it was possible to identify several headcuts that were
| unchanged from 194l_ to 1985. Thus, a lower limit (no change) of headcut retreat was established.
~ Between 1941 andl985 the amount and rate of headcut retreat»inalluyial_ fill on the arroyos
varied by a factor of about 4. The headcut in Camp Rice Arroyo (table 6b,location D) retreated
alrnost_four times as far asthe'headcut in Alamo Arroyo (tab‘le6b, location C). The area of the
- drainage basin upstream from each headcut does not account for the differences in amounts and
rates of' headcut retreat.(table 6b). Although headcut retreat occurs as a reSult of runoff, area cannot |
be used as a substitute for discharge for two reasons..First, runoff-produ_cing storms in this
region, as in most deserts, commonly cover only part of the drainage basin upstream from a given
point. (fig. 13). Svecond, in arid and b‘ semiarid regions, stream discharge tends to decrease
. doWnstream due to transmission losses into the streambed ‘(Reiéd ‘and Frostick,'l989);

Iti 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 prev1ously. Because runoff-producmg storms occur e_pisodically, 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 1n a reservoir only 21
times in 38 yr. Hence, it is possible that headcut retreat in the study area occurred only a few times
during the 44 yr covered hy aerial photographs, andthat storrns did not cer‘r the areas upstream
from each location in figure 7 equally. Furthermore, the period' of observation is an arbitrary one,
based solely on when the photographs were taken. As a result, retreat rates are art1f1c1ally
controlled by the c01nc1dence of rainfall events with the photographs For example 1f a rare, high-
'7 “magnitude rainfall event occurred a year before the first photographs were taken 1nstead of a year
after, the rate of headcut retreat would appear tov be much different. |

However, an important comparison can be made betiween locations that are close to one
another‘on the same stream and, presurnably, have the same r;ainfall-runoff ,history from l94l to

'1985. Locations C and E are only‘l900 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 ina Stage IV carbonate-cemented horizon has |
B retreated only 150 ft (45 m) since 194‘1 at any. average rate of about 3.3 fifyr (1 m/yr) (table 6b).
Th1s rate of retreat is about half that of locatlon C Just downstream in alluvial flll suggesting that |
the petrocalcic horizon may inhibit headward migration of nickpoints on streams 1n the area.
| Analysis of headcuts in valley- s1de gullies supports thls concluswn Few headcuts on carbonate-
cemented outcrops in valley-51de gullies were eroded a measurable amount between 1941 and
| 1985. But at the same time headcuts in a11uv1um in the valley- 51de gulhes advanced an average of
490 ft (150 m) (table 6b)

An upstream-progressing wave of erosion does not appear to be moving systematlcally :
~ through valley-side gulhes asa result of headward movement of mckpomts on the main arroyos,v
| past the Junctlons between the gullies and the arroyos In01s1on in valley-side gullies does not

appear to be a function of upstream dramage area of the gullly Some gullies have incised adJacent
to others that have not whose dralnage area and slope are snmlar Alluvium now belng 1nc1sed is
“in preexisting gullies. So, gullies eroded and filled before 1941, and eroded agatn‘between 1941
and 1985, | | o R
At the three locations with retreattrates based on photointerpretation and radiocarbon-dated
material (fig. 7‘ locations A, B and O), modern rates of retreat in alluvial fill are 4 to 55 times
faster than those based on radlocarbon dates (table 6) Th1s increase in retreat rates may occur
partly because of chan ges in chmate or vegetatlon cover that enhance runoff and headcut retreat and
~ partly because the older rates are based on longer penods of time. In fact, the headcuts may have
retreated at rates. snmlar to the modern ones for brief periods, and been unchanged the rest of the
time. Finally, as dlscussed part.of the apparent increase in modern rates probably is an artlfact of

the arbitrary 44-yr pertod used for calculating the modem rates
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Fissure Development

Introduction

The following discussion of ﬁssures makes a distinction between the fisspre at the ground
surface and the subsurface fracture that underlles it. The underlylng fracture is an extensional |
feature that localizes the formation of surface collapse structures composmg the flSSllI'C 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 between 0.8 and 1. 6 mches (2 and 4 cm) wide. Typlcally it is
filled with sedlment however, locally there are openings in the fracture fill. Oppos1te sides of the
fracture commonly display rmrror-lmage symmetry. The ﬁssure is the surface feature composed of
ahgned holes and depressmns that form when surﬁ01al sedxments collapse into soﬂ plpes 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. Wldths and depths of 3.3 ft (1 m) of

- collapse features are common in fissures at the study area. In proflle, the bottom of the fissure is at
the highest point of the tension fracture where extensional opening predominates over collapse of
sediment.

Fissures in the study area

Surface -collapse features Three surface flssures rangmg in length from 67 ft (2() 5 m)

(flssure 2) to 460 ft (140 m) (f1ssure 1) have been found at the study area (flg 18). Shallow pits - |

were dug by hand as deep as the petrocalclc honzon at all three fissures. Deeper trenches were
excavated at flssure 1 (fig. 19); consequently, more detalled descrlpuons are available for th1s
- fissure and for the fracture beneath it. One rellct fracture w1th 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 w1th sedrment a fissure must have formed above it at some time. The flssure has
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been obscured or removed by subsequent erosion and depositionon the surface above the fracture.

| v. The —relict,fracture is at least 100 ft (30 m) long,iwhich‘is' its vexpo'su‘re across the width of the »
trench. The surface fissures in the study area are compos_ed of al,igned'surface-collapse and piping

~ features, wh_ichvareroughly wedge- to slot-shaped, narrowing downward in proﬁle. Maximum '
depth of collapse features is 4.4 ft (135 cm); maximum wideh is 5.2 ft (157 cm). Both maxima

were seen at the longest fissure (ﬁssure 1). At fissures 2 and 3, collapse features are as deep as the :

, top of the petrocalcrc honzon about 21.5t024 inches (55 to 60 cm) Most collapse features at

' f1ssure 1 are about a meter deep and less than a meter w1de Wldth/depth ratios of the ﬁssures, ‘

which increase as the fissures are eroded and filled w1th sedrment range from 0. 2 t0 2.0 (table 8).

The collapse features are dlscontmuous, separated by bndges of sedlment over horizontal soﬂ,

pipes. Locally, as much as 33 ft (lO m) of uncollapsed material lies between these holes (fig. 19)
but spacmg between them is more commonly 3.3 to 10 ft (1 to 3 m) | |
- The w1dest and longest collapse features are near the m1dd1e of fissure 1 The smallest
collapse features are near the northwest and southeast ends of the frssure (f1g 19) These
' observatlons suggest (1) that the largest collapse features are the oldest ones at-thls fissure because
they have been eroded more by overland flow and (2) that the fissure has propa.gated'laterallyb away

from an origin near its center Fissure 1 is composed of t’wo,'or possibly three, arcuate segments
‘The two principal segments overlap slrghtly between trenches 3and 4 (fig 19). The southeastem
segment may be composed of two smaller segments that overlap a few meters southeast of

trench 4. 7 v | |

All three ﬁssures in the study area are located in topographlc lows where vegetatlon is th1cker

than that in adJacent areas (fig. 18) Flssure 1 trends N55°W obhque to local drainage. It liesina

-topographlc low that has about the same onentat1on Flssure 2:is orrented about N50°W S

subparallel to the topographrc low in wh1ch it lies. Fissure 3 is a curv111near feature that is roughly -

perpendicular to dramage Its orlentatron measured end—to—end is N20°E. At ﬁssures 1 and 3, leaf =

litter and branches have washed into the collapse features, ev1dence that the ﬁssures are capturmg =

runoff. There are small,, uncommon accumulatrons of gravel i in fissure 1,_ probably derrved locally o
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from the ground surface or eroded from the ﬁssure wall. Frssure 3 extends upslope beyond the "
topographlc low where the vegetat1on cover is relatlvely thrck On the less-vegetated slope, grass
and forbs are more common within 6.6 ft 2 m) of the fissure than farther away, mdlcatmg that
moisture content of the sorl near t_he ﬁssure is high enough to enhance growth» of annual plants..
Runoff 'captured by the fissure m the topographic low probably moves laterally through the fissure
system to points outside 'thfa‘t low.’ The relict fracture has no,ﬁssure above it, nor is it in a
topOgraphic low. But, When it opened and was fllled it may have intersected a topographic:low that
1s no longer apparent “ | | | |
Fractures and fracture fill. At the study area, all knme fissures are underlam locally by a
fracture that is subparallel to surface collapse features The fracture narrows downward at fissure 1
from a maximum of 2.6 1nches (6.5 cm)ata depth of 12.5 ft (3 8 m) to 1 mch (2 5 cm) at a depth
~of 18.4 ft (5.6 m) (pl 3) Max1mum wrdth of the fracture in the top of the petrocalc1c honzon at
fissure 2 is 2.8 1nches (7 cm). Widths of 0.8 to 1.6 1nches 2 to 4 cm) _are typical of all fractures, ’
including the relict one. Thevmaximumwidths may r‘esult_' from widening of the tensional fracture
by local erosion and collapse of the walls.‘_;Where their walls have eroded little and display mirror-
image symmetxy,-fractures are typic'allyv 12t 1. 8 inches (3 to 45 cm)wide ’ o |
The fracture below flssure 1 is at least 20 ft (6 2 m) deep, the : maxrmum depth of. trench 3
(pl. 3). The relict fracture is exposed to a similar depth The fracture at flSSLlI'C 1 may extend
several meters deeper than this. If one assumes downward tmovement and storage w1th1n the
fracture of all material rmssmg from the widest collapse feature at the surface (which has a cross-
sectlonal area of 9.7 ft2 [9,000 cm?]), a fracture 1 inch (2.5 cm)_ wrde _would have to be 116 ft
(36 m) deep to accommodate the same amount of sediment; Howeyer, some of the sediment
missing from the collapse feature may .have_ been compacted b‘y wetting or flushed out of the |
’ffracture and into porous grayel layers on either side of the fraclture (pl. 3). If this has occurred the
,fracture could be shallower than the 116 ft (36 m) estlmated Some ev1dence for a shallower depth‘
exists. The fracture at flssure 1 branches ata 16.5-ft (5 m) depth and each branch is smaller thanv

" the main fracture(pl. 3). ":The smaller branch dies out downward inthe gravel layer ,at that depth.
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Overburden pressure may cause the fracture to terminate ata depth shallower thanthat estitnated by
these areal calculations. | | |
No movement of one side of the fracture parallel to the other, either horizontally or vertically,
has occurred at frssure lorat the relict bfracture (The walls of the fracture below the petrocalcic
horizon are not exposed at fissures 2 and 3.) Such movement would indicate fault movement.
Openmg of the fracture has occurred only by perpendmular movement of the fracture walls, the
result of tensional cracking. Where the fracture walls are not eroded or mod1f1ed by localized
collapse, they display mirror-image symmetry Tlus indication of simple tensronal separation of the
fracture walls is common at f1ssure 1 and at the rehct fracture Locally, the fracture at f1ssure 1
branches and rejoins, enclosrng p1eces 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 31mple
tensional cracking. ’ | k |
The subsurface fractures are filled with sediment ranging from slightly silty, very fine sandto
sandy, s1lty 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 represent 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 subvemcal fracture walls, although they
branch and join on a scale of a few centrmeters These 1nternal laminae probably mark events when
the fill fractured because of desrccatron of the fill or further tensmnal opening of the ongmal v
fracture, whlch pulled the fracture fill apart. Presumably, after the fill fractured, clay was deposited
on the walls of the new (internal) openings, 'eitherby settllng out of downward percolating water
~or by adhering to the walls as water moved laterally _out of the fracture and into the surrounding

sediments. Similar features in fracture fill, described as “medialpartings,” were reported by Bull
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' (1972) in his study of fractures in Fresno County, Cahfomla He attnbuted their development to |
repeated penods of depos1t10n of sediment camed down into the cracks by water.
The fractures conduct water more easrly than surroundmg sediments, as 1ndlcated by
cementation along the fractures, presence of 11v1ng woody roots in the fractures and the results of
- a pondlng test conducted in trench 3 (Scanlon 1990) Carbonate cement less than 0.02 1nch
(0.5 mm).thlck 1mes the walls of the fracture in the petrocalcic -honzon at a depth of 14.1 ft (4.3 m)
" at fissure 1 (pl. 3). In addition, at a depth of 18.7 to 20 3 £t (5.7 to 6.2 m), gravel is weakly
cemented by calcite in a 2.7- 1nch-w1de (7-cm) zone adJacent to the fracture (plL. 3). The fractures
| are preferred pathways for roots through all strata 1nc1ud1ng the gravel layers. L1ve ToOts have _
been seen in fractures as deep as 20 ft (6.2 m) below the ground surface.

The fractures that underlie (trench 3) or bound (trench 4) fissure 1 are w1der and are more
often lined w1th gray clay or carbonate cement than are fractures farther from the fissure These
observanons indicate that fractures near the ﬁssure that have reached the surface are more lrkely to
be preferred pathways for downward—movmg water. Althou gh many fractures (lined and unhned
f111ed and ha1r11ne) can be traced upward from fractures in the petrocalcw horizon (fig 4), those
- outside a 10- ft-w1de (3-m) zone parallel to the fissure and those beyond the ends of the flSSllI'C are

not as w1de (20.4 inches [1 cm]) as those near the fissure. | |

Clay-lined cavmes_ are present locally in the fracture below fissure 1. The horizontal
dirnensions of cavities exposed in trench walls range frorn 0.2to 24 inches 4 mm to 60 crn); Most
are less than 4 inc_hes (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 E(pl. 3). Some cavities at a depth of
9.2 ft (28 'm) 2.3 ft [70 cm] below the top of the upper petro'calcic horizon) contain spi‘derWebs,z
‘indicating that they are connected to the ground surface via open cavities in or adjacent to the
flssure Some of the larger openings may be enlarged by or produced by anlmals burrowrn g near
or along 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 srl.ty '

. sand are present as deep as 6.6 ft (2 m) below the surface (fig. 5). Badger (Taxidea taxus) b‘urrows
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| as deep as 7.5 ft (2.3 m) have been recorded in the western United States (Long band Killingley,
1983), and badgers have been seen at the study area. |
At fissure 1 no cavities larger than 0’14' by 1.2 inches (.l by 3 c¢m) have been seen in the
fracture deeper than 1l.2 ft (3.4 m), the base of the uppermost gravel layer in trench 3(l3).A
 few small openings in fracture fill (mostly <0.2 inch [5 mrn] widej have been seen below the base
of that gravel layer. This suggests that some collapsematerial may be dispersed intc the rnatrix of
the less-cemented, grain-Supported gravel (pl. 3, 8.8- to 11.2-ft [2.7- toh 3.4-m] depth), leaving
open space in the fracture, locally o
At trench 4, Wthh is between surface—collapse features (fig. 19), continuous fractures extend
upward from a depth of 10 ft (3 m) to the base of the surface soil (l2—1nch.[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
frssure-boundmg fractures are mostly less than 0 4 mch (1 c¢m) wide and narrow downward to a

halrhne crack lined with clay. These fractures are narrower than the fracture dlrectly below collapse’

| features at trench 3 (pl 3), and they are the only ones in trench 4 w1th large (>0.4 x 1.6 inch
[1 x4 cm]) open spaces in unconsolldated sedrments above the petrocalcw horizon (ﬁgs 4 and 5)

One of the ﬁssure-boundmg 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- mch-wrde (2-mm) fllled fracture lined with gray clay

Onentatlon of the fracture changes from near vertical to sloping northeast about 60 degrees

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

Rubble zones bounded by fractures are present locally in the crossbedded sand (fig. 5). 'l‘hey
ar'eﬁlled with structureless sedlment that is siltier than the adjvacent crossbedded silty, fine to
medium sand.‘ This str'uCtureless sediment contains small (<0.2-inch [5-mm]) fragments of clayey
crossbedded material. These rubble rcnes may be tortuous collapse zones or burrows.vaerlying

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 probably continue up and down at some angle to the .
trench wall. Wellfdeveloped filled burrows are present near the rubble zones. A few fractures
extend from rubble zones upward into the ov]erlyin'g massive unit to within 24 inches (60 cm) of
the surface, but there is no offset across themr | | |
| Polygonal frarcturesk‘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 are_aﬁ, 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 u'ibutary' that drains the north
half of the area, Most ‘of these fractUres 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 Vroad} and in the stream-channel floor are wider; |

These polygonal fractures predate the surface fissure by rseveral‘thousand years. All fractures
greater than or equal to 008 inch (2 mm) wide in the petrocalcic horizon in trench 4 are at least
partly coated with carbonate. Fractures as much as 3.1 incbes (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 pedogemc calcrete (Machette, 1985) Calcretes such-as thls near Las
Cruces, New Mex1co, are at least 25,000 yr old (Glle and others, 1981).

Polygonal cracks in the petrocalcic horizon near the fissure extend upward 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). ThlS suggests that movement of the polygonal blocks in the petrocalcw honzon possrbly

. resultlng from desiccation of underlymg sedrments, produces fractures in the overlymg sedunents

Fractures range from a hairline crack to 1.5 mches (37 mm) wlde in the carbonate honzon. Most
are less than (').4_inch (10 mm) ‘wide except in the vicinity of the fissure in trench 4. Fractures
- wider thvan 0.04 incb (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}a’t 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 petrocalcid 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
treﬁching. 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 stratigfaphy 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 carbonafe 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 development of such a soil in the desert Southwest is at least 25,000 yr (Gile and
others, 1981). Except for the well-cemented petrocalcic hdﬂzons, all of these strata are weakly
cemented and frié.ble. However, all strata, at least to a depth of 20.3 ft (6.2 m), are comf)etent
enough for fractures to form and remain open (fig. 5; pl. 3).

Both petrocalcic horizons are eroded locally. The contacf between these carbonate-cemented
horizons and th‘e sediments that overlie them is abrupt and locally irregular. In trench 4, a 13.1-ft-
wide (4-m) gap in the upper petrocalcic horizon underlies ‘the projectionv of fissure 1 (fig. 4,
0+02 NE to 0+12 SW). Similar irregular gaps also are preéent in the petrocalcic horizon near the
relict fracture. However, a deeper channel is expdsed 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 overlyiﬁg 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 horiion may be a poorly
sorted sheetwash deposit or it may have been thoroughly bioturbated after deposition (figs. 4 and
5). No priinary sedimentary structures are preservéd 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 cbnsiderably
greater than that of overlying sediments (table 1), which may explaiﬁ why sedimentary structures
in this unit are preserved. A rapid burial would have protected thém from disturbance by ‘shal_low
burrowing and root penetration or by reworking by wind and overland flow. This deposit contains
snail fauna like that present in the area today, suggesting that climatib conditions at the time of

deposition may have been similar to those now prevailing.
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~ Over these crossbédded 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 3.4c) (fig. 5). Thesé-écdiments raﬁge in ‘age‘ from 7,010i200 yr B.P. to 1,440-1_-80 yr
B.P. (fig. 6). Accretion i'atc for these sediments is about one-tenth the rate for older sediments
(table 1). A decrease in sedimcn;ation rate would have allowed more time for soil dévelophient and
'bkioturbatibcm to 'occur, dest'roying“ 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 a_fea, on the
basis of descriptions of cores and trenches. This suggests that streamflow dedeased,‘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 ,abo_ut
8,000 yr ago (Van Devender and Spaulding, 1979). | |
Near-surface strata. (<20-ft [<6—m] depth) dé not control dgvclopment or location of
fissure ‘1. In trench 4 the fissﬁre can bé intgrpolated 6ver a local gap or channel cut in the
petrocalcic horizon (ﬁg. 4). But near its middle“ (trcnch 3) the fissure is locatéd over an uneroded
calcic horizoh, which is cofnposed largely of carbbnate-cemented gravél that extends Well beyond
both sides of the fissure (fig. 3). A deep gap in the petrocalcic horizon is exposéd in trénch 5,
where there is no fissure. Gravel lenses GVerlive- the calcic horizon on the north side of the fissure,
locally, but not on the south side_ (fig. 4). - | |
o Summary of ﬁssure’develobment at the study area.}This summary begins with formation of
the upper pctrocaicic horizon, which is now covered by about 6.6 ft (2 m) of younger sediments
(fig. 20, no. 1). The petroéalcic horizon formed in silty sandvand sandy gravel, within about a
meter of the péleb-ground, surface. Carbonate-lined fractures (fig. 20, no. 2) fbnned as a normal
part of calcrete development. | | |
| The soil above the petrocalcic horizon émd the petrocalcic horizo.ﬁ 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 poorly‘ sorted debris flow or sheetwash deposit, or it may
have been bioturbated after deposmon ‘

The gravelly sand was overlain by silty sand dep031ted about 7, 500 yrago (fig 20, no. 4) It
contains small-scale trough crossbeds, indicative of small channels carrying only fme-gramed
sediment. It is not heavrly bioturbated, suggestln g that it was buned rapldly or that root penetration
and burrowmg occurred only rarely after burial. |

~ More sedlment was deposited dunng the next 7,500 yr probably as overbank deposits of
ephemeral streams, or as eolian deposus (fig. 20 no. 5). There are no sedlmentary 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. 2'O,Hno.‘ . The source of this tension'is unknown";'there is no evidence' of fault
moyernent along the ﬁssures. | » |

W_ater-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 and 9). Aerial photographs taken in 1971 and 1985 reveal 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 the1r age is undetermined. There are no surface collapse
| features at the rehct fracture (fig. 18). |

This summary describes the current state of development 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
cornplete. Fissures that were open in 1924 in Quitrnan 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
,PéWév (1986), the 'precursor of a fissure is a tension fracture (fig. 21, stage 1). The fracture forms
- in,the shallow subsurface'and is a preferred pathway for» water moving downward from the
surface. The fracture is enlarged by erosion until a soil pipe forms (fig. 2‘1, stage 2). Sediments"
overlying the pipe collapse into the cavity, forming holes atthe surface that directly capture surface
| runoff and sediment carried by surface runoff (ﬁg 21; 'sta'ée 3)i As the collapse features capture
more runoff, theyelongate- and conneCt to fOrm a latcrally continuous fissure (fig. 21, stage 4).
Eventually, the outlet of the soil p1pe becomes plugged and the ﬁssure begms to collect sediment
(fig 21, stage 5). Flnally, the fissure fills w1th sedlment As long as it remains lower
'topographically than its surroundings, the fissure will preferen.tially collect and store moisture,
| prov1d1ng better growmg condltlons 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 vegetatlon or bya topographlc low at the surface. The fissure there has been destroyed by
subsequent erosion and deposmon | |

The pnn01pal mechamsms in the development of fissures are erosion of a preex1st1ng crack at

the surface and soil piping (fig. 21). According to Cooke and Warren (1973), it was Parker (1963)

“who identiﬁed four criteria that are necessary for' piping to occur: (1) sufficient water to saturate
part of the material above base level, (2) hydraulic head to permit subterranean water movement,
3) permeable and erodible soil above 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 sprmgs 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 rainstonns. The third'condition,_ permeable and erodible soil,
is present everywherein 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 (O 5 to 3 m) below the groun'd
surface. During and after heavy rains water could move down a preex1st1ng tension fracture and

collect on this surface e1ther until it was removed by evapotranspiratlon or until it moved down
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pI‘CCXIStlng cracks in the petrocalcrc honzon The fourth condition needed for piping is an outlet for
'~ flow. Besides the deeper part of the fracture itself, the permeable gram—supported gravel that
underlies the upper calcrete (fig. 3; pl. 3) may prov1de such ‘an outlet. Thus, in the study area,
condmons necessary for piping to occur alon ga fracture probably exist only locally, in topographic |
‘lows, and temporarrly, during and after heavy rains. -

Source of tensiondl 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; ’Larso"n and Péwé, 1986). Typically, the source of thatstress’is
differential subsidence (Larson,-‘ 1986). Differential subsidence: is most often attributed to
withdrawal of ground water for‘ agricu‘ltural or municipal use, which has produced declines in
| ~ground-water leVel's,of 80 to 460 ft (25 to 140 rn) in Arizona land Califomia where fissures have
developed (Holzer,_ 1977; Morton, 1977; Guacci, 1979; Bell, ‘%l98’1; Holzer and Parnpeyan, 1981;
Boling, 1986; Larson, 1986; Larson and Péwé, 1986; Schumann and others, 1986). Other
- processes tliat can produce fractures, such as (1) tectonic moyements, 2) desiccation of expansive .
clay soils, (3) hydrocompaction of low. density sediments, and :(4)‘ horizontal seepage stt'ess related
to ground-water flow toward pumped areas, are less important than differential subsidence in
desert basms of the southwestem United States (Larson and Péwe, 1986).

Differential subsidence and the fissures that result may be localized by different geological
environments: (1) buried bedroclc hills; (2) buried faults; 3) biiried facies boundan’es; and (4) the
hinge line of subsiding areas (Larson and Péwé, 1986). Boling‘v(1986) described the typical setting
of earth fissures in south-central Artzona They are located on alluv1al plains between basm centers
and basm-bounding mountains. The flSSlll'Cd sites overlie or are mountainward of 1nferred basin-
- boundary faults. The basins are underlain by thick unconsohdated alluvrum anhydnte, and
1ndurated conglomerate deposus and they are bounded by fault -uplifted mountains. Depth to
| bedrock is 160 to 980 ft (50 to 300 m). Bohng (1986, p 760) asserted that “dlfferenu‘al

compactton of nonindurated sediments overlying 1rregular bedrock surfaces probably accounts for

o 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 thé study area by Phillips and others (1986) and
reinterpreted by scientists at the Department of Géological 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). Thé
“ 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
sfructures (fissure 2 is outside the area where seismic data were colleéted). 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 bdepth 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 though alluvial coyer is thicker locally
than depthv to ground water, which _provides the‘- bpotential for compaction, it is unlikely that
f differential cor’npaction 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 attrlbuted to natural phenomena They may have
' formed as a result of naturally occurrmg drfferentral compactton of weakly consohdated sediments
overa bedrock hlgh or a buried fault scarp, or they may be located at the hinge line of a subsrdmg
area. More compressrble, finer grained sedlments nearer the center of the Hueco Bolson may have
compacted more over geologlc time than did the coarser gramed prox1ma1 fan sediments near the |
basin margms (where the study area is). Similarly, the water table in bolson sedlments has been
lowered over geologlc time by incision of the Rio Grande and dewatenng of sedlments above the
lower base level. Incision of the arroyos, especially upstream from the Campo Grande fault, would
have had a similar effect on the water table there. Eventually, compaction would have led to
extensional stress at the point where curvature of the compaCted surface changed: at the edges of
the compactlng sedlments, where overlymg materlals are stretched over a noncompactmg edge |
There is not enough detarled stratlgraphrc 1nformat10n avarlable from wells at the study area to
- determine whether there is a facies boundary such as this beneath the ﬁssures (pl. 1). Altematrvely,
desiccation of clay- -rich Quatemary sedlments or the Fort Hancock Formation may be producmg
’ tens1le stress in overlying sediments.
' Similar hydrologtc and geologic conditions may preyail 1in nearby.drainage basins where
there has been httle pumplng of ground water and where flssures have ex1sted for as long as 60 yr.
Sustained deswcatlon of surface sedrments in some areas may explaln the appearance 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 beglnmng to form.
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Fissures in region

Other investigatoi's‘ha\?e reported surface fissures in the Trans-Pecos region of Texasandin
northeastern Chihuahua (fig. 22). In an early account, Baker (19‘27,',p.’ 40), observed “deep,
' straight,.aud narrow cracks...[cutting]...the clays of thé_arrdyo.bcds and the gravéls‘ of thé

benches” in the Green River valley. The valley of the Green River is West of the Van Hdrn ‘
Mountains, about 60 mi (100 km) southeast of the study area (fig. 22; table 8). Baker attributed the
fissures to earthquakes and speculated thut_ they may have formed in 1887 during the, v“gr'eat
earthquake in northeastern Sonora.” However, he provided no evidence for either the orig‘in or the
age of the fissures. : o | | |
The cracks are not Qisible in aérial photographs taken in 1950 (Undérwood and DcFord, )
1975) or on photographs taken in 1957, but a 2,400-ft-long (740-m) fissure formed in the same ‘
area in May‘ 1959 (Underwood and DeFord, 1‘97'5)‘, cutting across a road. No ﬁssur‘euwas seen
near the localify studied by Baker (1927) when the Green River Valley was Visited in 1989.
| Albritton and Smith (1965) uepdned “e‘urthquuke cfacks;’ in alluvium near the éentef of
quitman Canyon, about 38 mi (60 km) from the study area (ﬁg 22). Acéofding to those authors
(Albritton and Smith, 1965, p. 1(1 1), the cracks were “said to have formed” during the Valentin¢, |
Texas, earthquake (August 16, 1’931‘), whose epicenter was 75 mi (120 kin) to kthe‘ east of Quitman
| Canyon. However, Albritton and Sfuith offer no evidence to support t-heif COntentiQn, which is
v’ diSputed by an eyewitness, R. H. Espy, a resident .of‘\’Eagle Flat (fig;, 22). Underwood and DéFbrd f
(1975) reported thut Espy saw the fissures in Quitman Canyon during a catile,roundup in about
1924, 7 yr before the Valentine earthquake. Fuﬁhermbre, ‘Scllards (1932) repoﬁed that, other than
in the town of Valentiné, no gr‘oundvdisturbance was detécted after the 1931 carthciuake. He
compiled observations fromv localities throughdut the region where the earthquake was felt,
including Sierra Blanca aud Vau Horn (ﬁg; 22). The lack of reported “earthqu}ak:é 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 account of the preenisting cracks inv Quitman Canyon than the unsupported claim.by |
 Albritton and Smith (1965) of an earthquake-related origin. . -

‘The Quitman Canyon fissures are at the toe of a dissected alluvial fan, cuttingQuaternary
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 topog'raphic contours, to faults in the Quitman Mountains (about 3.8 mi
[6 km] to the west—northwest), and to the valley axrs These fissures were as long as 2.6 mi
4.2 km) on 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-trendmg
collapse features cut across dra1nage and intercept runoff. Woody vegetatron (mesqulte and
tarbush) is more abundant within a few meters of the ﬁssures than farther away, especially in a |
downslope direction This suggests that the fissures capture all:but the largest overland ﬂows '
Locally, the fissures in Qurtman Canyon showed evidence of recent collapse in 1989 ‘One
segment was 11. 6 ft (3. 55 m) deep but only 30 inches (75 cm)’ w1de, deeper than any fissure at the ‘
study area. The w1dth/depth ratio for this segment is very low (0.2) (table 8), indicating that it is

still undergorng collapse. Flssure walls here were steep and unvegetated showrng that collapse

had occurred recently. However, the ﬁssures did not appear to be any longer (at the southern ends) B

' “than they were on photographs from 1957 Elsewhere, the flssures have filled with sediment
- washed in from upslope, and w1dth/depth ratio has 1ncreased to 5 (table 8). _
~ Another set of polygonal ﬁssures was observed in 1957 aerial photographs of Qurtman

'- Canyon. The fissures are about 2.5 mi (4 km) south of those descnbed prev1ously and reported by

~ Albritton and Smith (1965) The longest frssure 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 Quitmén Canyon was discov;ered in September 1985. In 1989 these
fissures were reportéd to form av rectilinear pattern (Sergent, Hauskins and Beckwith, 1989). The
fissures were és 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 Chihuahua (fig. 22), about 88 mi (140 km) south-southeast of ‘the study area.
Underwood and DéFord attributed fo@ation of a new system 6f fissures in 1959 to dfyi‘ng of
~ alluvium during a severe _drought thaf lasted from 1950 to-1956. They obsérved that “torrential
dowﬁpours” can widen fissures from an initiai hairline crack td a width of 3 to 5 ft (1 to 1.5 m),
and then fill them with sediment. P |

The same authors reported fissures at Eagle Flat (Underwood and DéFord, 1975), about
50 mi (80 km) southeast pf the study ’area (fig. 22). According to R. H. E_spy, the ow;ier of ‘thev
property where théy weré located, the fissures appeared i_nv 1927 or‘ 1928, 3 or 4 yr before ihe
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 lohgest 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 sbutheast and épproximately perpendicﬁlar to local drainage. | |

The original fissure is currently dégraded by overland flow. Locally, it is as mﬁch as 55 ft
| (17 m) wide and about 2 ft (60 cm) deép, and has the highest‘ width/depth ratio (aé much as 28) of
any fissure seen during this stﬁdy (tab1e>8). Earthen dams less than ’6 ft (2 m) high have been built
across it, trappihg sediment that wasv being transported along the fissure, Which acts as an
ephemeral stream c'hahnel. The surface immediately Upsloije from thek fissure has aggraded,
~ burying a fénce vs}ithAabout a meter of sediment. A second fissure has developed upslope from the
oldest fissure on this aggraded surface. It’i»s as much as 5.5 ft (1<.’_/ m) wide and 2.3 ft (70 cm)
deep and has an intérmediate wvidth/depthb ratio (as much as 2.7). it is nearly continubus, withwfew
bridged-over segthents. This fissure is subparallel to the olde_st fissure and ihtersects it where small

gullies have eroded upslope from the oldest fissure. A third fissure is noW'_ forming upslope from
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the second ﬁssure ata 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 separate collapse features as much as
1.1 ft (35 cm) wide and 2. 6 ft (80 cm) deep (w1dth/depth ratlo 0.4). This fissure is similar to the
one at the study area. |
Apparently the ﬁssure-collapse process is movmg laterally upslope, subparallel to the oldest
fissure. The tensronal stress that causes the fissures to form 1s migrating laterally as well. The
youngest collapse features still receive runoff from the dramage area upslope, unobstructed by the‘ _
other fissures. The oldest fissure appears to be i macuve and is gradually bemg 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 desrccation cracks in Salt Flat in the Salt Basm Graben

| 60 mi ‘(100 km) east of the study area (fig. 22). The cracks are located at the terminus of an alluv1a1
fan. Smaller, shOrter fissures connect the longest fissure and otherspa‘rallel toitto form polygons.
The longest fisSure 2, 600 ft [800 m]) is perpendicular to ephemeral stream channels kflowing east-
| northeast This fissure is sllghtly 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 i is their presence in aerial photos taken in' 1946
(Goetz, 1977) The fractures may have ex1sted for months or years before they appeared at the
surface. Accordmg to Goetz (1977) the most 1mportant process contributing to the formation and
growth of these cracks is desiccation of the surface and subsurface 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, conclpding that these dominant fissures
probably represent the trace of a Holocene fault that is covered by bolson sedirnents. Goetz (1977?
p- 89) speculated that the parallelism of primary fissures in separate groups of these orthOgonal _
| - features may be theresult of “uneven subsidence” across a buried 'fault.‘ Further, she proposed that
abrupt movementon this inferred fault during the Valentine earthquake may have caused farlure of

the alluvium, which was already undergoing brittle fail'uref because of desiccation at depth.
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‘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 prbposed origin is_contfadict'ed by an eyewitness account. The
orthogonal pattern of fracturing indicates that désicca_tion is the primary mechanism forming the

| fissures at Salt Flat.

Fissures in southwestern United States

Ground fissures have been reported in fhe soﬁtthSterﬁ United States, beginning as early as
the 1920°s (Ba.ker, 1927; Leonard, 1929) from southern California to western Texas. Those most
frequently studied are in the alluvial basins 6f AﬁiOna, whérc ground-water withdrawal has led to

| differential cdmpaction qf alluvium over irrc;'gulai' bedrock ‘surfaces, producing fissures at the
o ground surface. | | |

| Fissures in soufh-central Arizona (Boling, 1986) arc 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 uncbnsolidated
sediments, typically‘near margirblbs of allu{/ial valleys or near outlying bedrock outcrbps where
ground-water levels have dropped 200 to 440 ft (60 to 135 m) (Larson and Péwé, 1986).- Vertical
olffsetbis usually negligiblé, suggesting that fissures are of tensile origin. Simple horizontal
Separation of the blocks on either side of the fracture indicates thét fractures are tensional breaks
(Schumann and others, 1986). Vertical offset has been observed along a few fractures after the
initial bfeak occurred. Movement of blocks pcrpexidicular to the crack surface shows thaffractﬁres
are caused by tension aﬁd distinguishes fractures from faults where relative. -displacements are
predominantly parallel to the failure zone (Holzer and oth.ers‘,’, 1979). Subsidence fractures |
prbp’agate upwards and zire usually exposed at the surface after surface sediments are crOded'b»y
* heavy rainfall or by irrigatioh water (Larson and Péwé, 1986). FisSurés 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
for 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 verticaﬂ or lateral displacement
was observed along the fissure. When descn'bed 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 center of the fracture fill and horizontal strata in the fracture fill
suggest multiple periods of fracturg: 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
oriented parallel or subparallel to the Césa 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; Guaéci, 1979), Texas (Underwood and |
DeFord, 1975), and with the model proposed by Larson and Péwé (19‘86). In Arizona, where

fissures have been described extensively, many of them are nearly perpendicular to drainage. The
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Pikley ﬁssure appeared in an area of extensive grOund-Water extraction within the SanAJ_oaquin
~ Valley, following surface flooding (Guacci, 1979). It is inferred that the ground;water’ extraction |
produced differential subsidence; differential ’vsubsidence 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
"depletlon 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 nmtv pump from depths as great as 2 500 ft (760 m) Large-scale pumping of ground Water in
southern Arizona began about 1900 and 1ncreased in the late l940’s (Schumann and others, 1986) '
Ground—water depletion has caused water levels to declme as much as 460 ft (140 m), resultmg in
compaction of silt and clay layers, and land subsidence. Aquifer compactlon occurred seasonally,
during summer periods of water-level decline. Some of that compaction occurred at depths greater
than 830 ft (253 m). “The temporal vand spatial distribution of fissures is determined by the
| historical development of : water resources, hydrogeologic characteris’ticsvand snbsidence 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.v Theyicited recent geophysical an’d
geodetic sUrveying work to support their conclusion that many fissures are caused by differential
subsidence localized by buried bedrock hills or fault scarps. Thelr own work in northeastem
Phoenix, Arlzona, ‘showed that an earth fissure there was spatially associated with a convex-
upward grav1ty anomaly. This grav1ty anomaly was mterpreted to have at least 100 ft (30 m) of |
relief and to be b’u‘ried 150 ft (4‘5‘ m) deep, a depth comparable to the original water level in the
area. | _ B
Localized differential sub31dence across the Picacho fault was caused by differential

compaction due to unequal water-level dechnes across a preexisting fault (J achens and Holzer
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1979). Surface faulting caused by ground-Water withdrawaél occurred 12 years after fissuring
began, which'suggests that differential compaction may havie*produced the tension that caused
fissuring (IIolZer and others, 1979; Jachens and Holzer, 1979)(." |

Fissures form at points of maximum horizontal tensile stress near max_irnum conveX-upward
curs'ature of the subsideuce profile (Larson, 1986). Fissures may be localized in three' geologic '
settings: (1) buried bedrock hills; (2) the hinge line of subilsiding areas; and (3) buried faults
(Larson and Péwé, 1986). Accordmg toa study by Jachens and Holzer (1979), earth fissures in
alluvium near exposed bedrock were spatially assoc1ated w1th local gravity and magneuc anomahes '
ranging from local highs to convex-upward changes in slope. Most bedrock nregulanties were at
depths less than 820 ft (250 m). HoweVer, irregularities were not detected beneath fissures th_at
were more than 1.2 mi (2 km) from bedrock outcrops (Jachens and Holaer, 1979). Differential
compaction of unconsolidated alluvium over bedrock highs was the dominarl't source of horizontal
tensionthat caused earth fissures in Picacho basin,;Arizbna%(Jachens and Holzer, 1979, 1982).
Withdrawing ground water from the unconsolidated alluviurrl caused the differential cornpaction :
(Jachens and Holzer, 1982). | |

- Larson and_Péwé (1986) d_iscussedﬂ another potential setting for fissuring: near the hinge line

of subsidence, the inferred -boundary betWeen subsiding and stable areas. The zone is depehdent
on a cntical depth to bedrock related to the original ground-water level prlor to pumping In the
Phoenix area this i is about 150 to 250 ft (45 to 75 m). Little or no compaction should occur where
- the thickness of alluv1al cover is less than the original depth to ground water.

Rough volume estimates based on observed dimenswns of the crack at the Pixley fissure
indicated that the crack could accommodate the volume of surface matenal lost from the fissure at
the surface (Guacci, 1979). Persistent crack w1dth w1th depth was con51stent w1th ten51ona1
cracking generated by maximum convex-upward curvature near the edge of the sub51dence bowl. |
Cross-sectioual areas of unfilled, upper parts of fissures in and areas commonly‘ exceed 37.5 ft?
(3.5 m?). If the average w1dth of a fissure is 1 inch (2 Scm), a depth of 450 ft (140 m) is estimated '
' (Holzer 1976)
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.~ Some fissures have formed in areas Where'no’ substantial gr'o’u‘nd-‘water withdrawal has
occurred. In this regard they are Similar.to tlie fissures in the Fort Hancock study area. The Picacho
fissure formed on September llior l2, 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
o greatest measurable depth was 15 ft‘(4.6 m). No lvert:'ic'al.displacement was visible at the outset.
The fissure was atn‘ibuted 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 ndrthem Mexicc abont 200 mi (320 km) ffom the fissure.
| However, “nc profound’ tectonic disturbance occnrred in the Picacho area” (Leonard, 1929,
p. 774). | | |

" Other fissures have formed elther in areas where ground-water pumplng has not been
extensive (Robinson and Peterson, 1962), or before ground-water pumping began (Bull 1972)
Fissures in Black Canyon, Anzcna, appeared as early as 1936. Near Sells, Arizona, a ﬁssure 0.5
_to 0.75 mi (0.8 to 1.2 km) long was first observed in the early 1950’s. It intersected local drain_age,
at right angles. At the tlme, gi'onnd water was not used extensively for in‘igainn. Bull (1.>9‘72)
described Cracks that formed in alluvial fans prior to irrigation. He attributed their formation 't,o'
hydrocompaction of moisture-deficient deposits. Water flowing across the sux_'face of the fans
- wetted the deposits adjacent to the channels", causing subsidence and cracking ‘parallel to the
* channels. These reports of natnrally occurring: fissufes indicate that they can .form asa ‘result. of

natural geomorphic ptoceases in arid desert basins. |
* CONCLUSIONS

The Fort Hancock study area is located in the Hueco Bolson w1th1n the dramage basins of

Alamo and Camp Rice Arroyos The -arroyos have incised to their current levels by adJustmg to E

base-level changes caused by downcuttmg on the R1o Grande and by surface rupture events where

‘the Campo Grande fault crosses the arroyo channels. The arroyos are at their lowest point of

57



incision upstream from the fault +here the Fort Hancock Fdrmation crops out in the floors of |
stream channels. There are no thicl: packages of alluvium underlying the arfoyo_channels or filling

the arroyo valleys. The recent geomorphic history of the arroyos has been dominated by continual

downcutting interrupted by short periods of alluviation. The most recé:nt peri_c)d of alluviatibn _
ended 400 to 1,300 yr ago. At present, nickpbints in alluvium aré advancing headward as the

sediments are episodically removed during infrequent runoff events. ‘

Rates of headcut retreat in alluvial fill vary by more than two orders of magnitude and dépend
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 1,330vyrv. ;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 removal of unconsolidated alluvium within the incised
anbyo channels. They do not represent rates of expansion of the drainage network upslope onto -
the low-relief 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- v
in the alluvial fill. Some headcuts in valley-side gullies did not retreat by a measurable afnount
(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 calcrete is a stron.gl’y 'cemented, lanﬁnatcd sand.

The strata underlying the study area and'cropp,ing out locally are the Tertiary Fort Hancock
~ and Tertiary-Quaternary Camp Rice Formations and youdger Quaternary strata. The older
fotmatiohs are composed primarily of interbedded sand, silt, and clay, with local concentrations of
grével. The younger Quaternary sediments have less clay and more gravel than the two older
formations. At most outcrops the lower contact of the Quaternary alluvium is an eroded surface
overlain by gravel. The younger Quaternary strata can be subdivided into four units: a basal gravel,
a middle sand, a Strongly cemented upper sand or gravel (Stage III-IV calcrete), and an uppermost

laycrb (locally absent) of silty, clayey sand. The calcrete underlies the study area mostly at depths.
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| . less than 1 ft (30 crn). Locally it has been eroded by_‘strearns and is cut out by coarse-grained,
sandy gravel deposits. : | - | M
" The calcrete is 1nterpreted to be the upper surface of the Madden Gravel, a remnant of a
: formerly contmuous surface developed before the arroyos mc1sed' to their current levels. Stage ITI-
IV calcretes typicaliy require at least 25,000 to 75,0(_')01 yr to develop the laminated character shown
by this calcrete. B - | |
Pedologic data indicate that the Quaternary strata overlying the calcrete accumulated during
the last 7,500 yr. The sandy strata that have been radlocarbon-dated range in age from 7, 510+100
yr B. P. to 1 ,4401£80 yr B P. Accretlon rates for these sedlments appear to have slowed‘
considerably, from 2.1 mm/yr t0 0.2 mm/yr,v after about 7 000 yr ago. This slowdown may be a
~ result of a shift toward warmer and drier chmauc conditions that occurred about 8 000 yr ago.
Archeolog1ca1 ev1dence suggests that parts of the surface in the study area have been relatlvely |
stable for about the last 900 yr. |
S_hort-terrn (14 months) erosion rnonitoﬁng'has shown that most sediment transport is caused
by surface runoff bfolloWing intense rainfall events. In the periods between extreme (25-yr
recurrence interval)’ rainfall events, very little sediment is moved. Eolian transport occurs where
sand dunes are present, but aerial .photointerpretation showed that individual dunes changed little
between 1941 and 1985. Mostenvi,ronments that were rnonitored during the observation period
showed 0.25 inch (0.1 cm) or less of net erosion or'depovsi‘tion.

- The sur_face of the ,study a‘rea is cornposed primarily of low—relief interfluves and |
drainageways of ephemeral strearns. These and other landforms at the study area are the products
of 10ng-term operation of geomorphic processes. Gravel-covered topographic highs and uplands
probab‘lyv represent cOarse-’grained channel deposits of the younger Quaternary alluvium that are
relatively resistantto erosion and consequently have higher local relief than the sandier, more

: erodible sedirnents 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

59



streams during runoff events, diverting flow from natural channels and poSsibly enhancing
downcutting in ephemeral 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 tension fracturés. The surface-collapse feétures are aligned in discontinuous,
curvilinear segments that overlap locally. All three surface fissures are in local topographic lows,
which indicates that concentrated overland flow is an essentiali 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. Itis notin a topographic low now, but may have been in the past. The surface;collapse
features that developed over it have been removed by subsequent 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 §ymmetry of the opposite walls of the fractures is
common. The fractures extend at least 26 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 tensiénal stress that formed the tension fractures is unknown. Similar fractures
in similar settings in Arizona and California have been attn'buted to differential compaction of
unconsolidated sediments over bedrock irregularities. Compaction is commonly caused by
withdrawal of ground water. However, the water table in the study area is much ‘deeper than in
other areas where fissures have been studied, and no significant 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 California. 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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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 7. Map of vicinity of study area, showing locations used for calculating headcut retreat in
gullies and arroyos. Shaded area is study area. ‘
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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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Figure 9. Transverse tbpographic profiles across major arroyo basins (a) upstream and ’
(b) downstream from the Campo Grande fault. Location of profiles shown in figure 1.
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Figure 11. Map of landforms in study area (ﬁg. 7.
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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 réinfall 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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o I mi

Index map

Figure 18. Map of fissures and fracture at study area (fig. 7). Fissure numbers are referred to in | i
the text. Line within each circle represents orientation of that feature. Orientations are as follows: | \
fissure 1 = N55°W, fissure 2 = N50°W, fissure 3 = N20°E, relict fracture = N85°E. Length is not
to scale. Fracture marked with R is relict; no surface- -collapse features are present at the surface
there. Th1s fracture was exposed in a 20-ft (6-m) deep trench.
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Figure 19. Map of fissure 1 and trenches. Trench 1, about 100 ft (30 m) northwest of trench 2,
is not shown. Inset map derived from figure 18

. After Sergent, Hauskins and Beckwith (1989,
their fig. 7.1). | | ST | )
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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 the Hudspeth County

Depth?
(cm)

0

34
119
150

254

Depth
difference

34

85

31

104

¢ age |

 (yr B.P.)

0

1,440+80

6,150+220

7,010+200

7,510£100

study area.*

Age
difference
1,440
4,710
860

500

Accretion rate
(mm/yr)

0.24

0.18

0.36

2.08

Location

Tr¥ 4, 1405 SW
Tr 4, 1+05 SW
Tr 4, 1+05 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.

i 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 zones in arroyo drainage

Arroyo
name

Alamo
Camp Rice
Diablo

basins.*

Geomorphic- zone of arroyo basin

Downstream v Dissected Alluvial

from fault zone - slope
16.1 19.3 11.0
16.3 19.9 10.8
12.2 14.6 11.1

Escarpment

15.3
15.6
13.8

Diablo
Plateau

4.9
5.9
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
Floodplain

High, topo.

Interdune
Interfluve:
Slope

" Terrace
Upland

Table 3.:-Ve_geta'tion::;and surface sediment on land‘for‘ms in study area.*

Creosote Mesquite Tarbush

1045
0-95

90

75-90

- 50-95

<90
~80

- 40-70
0-20

- Vegetation

5-10

5-80

Yucca/
cactus

1-10

<5

Grass/
forbs

510
0-90

5410
210
s

<5

Other

Sur_féi:e sediment

Gravel

050

0-70

4090

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

70-95

Sand -

50-90
<90

1060
2090
£20-90

60-80
<90
5-30

: *Numbers represent percent of total for components l.lsted as detenmned by v1sual éstimate. These components do not represem all
vegetanon types or gram swes present. A dash indicates that no observation is available for that nem
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Table 4 Maximum rainfall events at each gauge in study area for July 15, 1988, through December 31, 1989, and the
correspondmg recurrence interval.*

Gauge
location

Center . _
Diablo Plateau
East
North (A&M)
West

El Pasot

Rainfall  lasting

Rainfall lasting

Rainfall lasting -

0.5 hr 1_hr 24 hr
Maximum Recurrence Date Maximum Recurrence Date Maximum Recurrence Date
amount  interval of amount interval of - amount  interval of
(mm) (yr)'  occurrence (mm) (yr)¥ occurrence (mm) (yr)T  occurrence
164 <2 07/19/88 23.8 2 07/19/88 24.8 <1 07/19/88
19.2 2 08/03/89 234 2 08/03/89 272 <1 07/30/89
34.0 25 07/29/88. 36.0 10 07/29/88 38.6 2 07/29/88 -
285 10 08/12/89 335 5 08/12/89 37.3 <2 08/12/89
18.0 2 07/19/88 300 <5 . 07/19/88 .30.6 1 07/19/88
36.8 10 07/04/61 165.1 >100 07/1881.
44.5 559 100 101.6 100

100

*Except for Diablo Plateau gauge, the three maxima at each gauge occurred on the same date. If the Diablo Plateau gauge had funcuoned during July 1988, its maxima n'nght have been recorded
then. The magnitudes of rainfall events that would have 100-yr recurrence intervals are presented for comparison.

"t Source: Hershfield (1961), based on data through 1958.
¥ source: J. R. Scoggins, Texas A&M University, written communication,-1989. One-hr maximum is for 1951-1988, 24-hr maximum is for 1879-1988.



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
74
234
- 17.0

*Maximum 1-hr rainfall is that recorded at one of four rain gauges (data from the North gauge were not Iavailable 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.

v Description - of . Distance v Period Rate of retreat
Location dated ,materi}al (m) (yr B.P.) (m/yr)
A cabomizedwood 1320 920470 1310 1.6
B soil organic matter = - 175 400+70 041005

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 11.9. 310 ' 10
B 1.9 s ‘ 26
C 30.9 95 22
D 37.8 - 365 . 8.3
Ef 299 45 B 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 E is in ﬁ Stage IV petrocalcic horizon..

9%



Table 7. Aerial photographs used for mapping changes in headcuts
and gullies on Alamo Arroyo and Camp Rice Arroyo in study area.

Vintage . Scale

11941  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 wntage
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  W/D  Date -

Location - (m) " ratio ' Geo‘lo‘gic 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 o 910 28 Alluvium 1927 or 1928 6,7

‘Green River 740 = o Bolson deposits pre-1927, 1959 2,7
Quitman Canyon 4200 02toS = Alluvium - 1924 , 1,7

Salt Flat | 800 . — Lacustrine deposits pre-1946 3,4

Study area o 140 0.2 to 2 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. 5 " : i :
Sources: 1=Albritton and Smith (1965); Z-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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