randomly checked and all field verifications indicate that these are true karst features that are

extremely shallow and / or small.
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CONCLUSIONS

Previous research indicated that >10,000 individual karst features dominated by
hypogene processes exist within the Gypsum Plain, with increased karst development along the
western edge of the outcrop area (Stafford et al., 2008b). This study further expands upon this
with increased data resolution and develops a conceptual model for karst spatial distribution (Fig.
5). Karst development appears most predominant on the western edge because of intense
hypogene Kkarst breaching where potentiometric pressures in the underlying Bell Canyon Aquifer
are highest and Castile thinning from surface denudation is greatest; breccia pipes occur
throughout as large-scale hypogene dissolution at the Bell Canyon / Castile contact has created
stoping features. The central portion of the Gypsum Plain is dominated by shallow, fracture-
controlled epigene caves formed in the vadose zone. The eastern portion of the Castile outcrop
exhibits more complex epigene caves of phreatic origins associated with shallow, perched
aquifers that are likely coupled to entrenchment of significant fluvial systems (e.g. Delaware

River) that bisect the Gypsum Plain.

Based on this study, which included high-resolution LiDAR analyses, Stafford et al.,
(2008b) significantly underestimated the region's potential for karst; this original estimation can
easily be increased by at least an order of magnitude and possibly two orders of magnitude. Just
under a decade ago, the highest resolution data for remote sensing within the region was 10 m
accuracy DEMs and one-meter accuracy digital orthophotos (DOQ). The original study
conducted by Stafford et al. (2008b) concluded that by analyzing remote sensing data (DOQ),

only 36% of karst features over a given area were identified when compared to what could be
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identified through physical land surveys. On average, 42 karstic features were identified per
square kilometer through physical land surveys and over 270 karstic features were identified per
square kilometer through high-resolution LiDAR analyses (Figs. 5; 6A). This value extrapolated
over the entire Gypsum Plain results in an estimation of approximately 500,000 surficially-
expressed karst features within Castile outcrop alone. Compared to traditional surveys in the area,
physical surface mapping revealed ~15% of all karst detected through high resolution (~30 cm
accuracy) LiDAR analyses. In other words, advances in resolution and accuracy of remote
sensing data indicate that LiDAR is almost seven times more effective at identifying surface

manifestations when compared to physical land surveys.

In addition to increased accuracy of remote sensing in recent years, LiIDAR has become
much more efficient because it can be manipulated to reveal features that could be easily missed
when doing surface surveys. Karstic features that are either shallow, small in diameter or
completely surrounded by vegetation can now be identified with ease and associated drainage
basins can be more easily assessed (Figs. 6A; 6B). Although identifying exact scale and location
of deep-seated hypogene caves that have yet to breach was outside of the scope of this research, it
is certain that within the subsurface, karst that has yet to be surficially-exposed is significantly

higher than current estimates, providing interesting and challenging topics for future studies.

One of the most important factors of LIiDAR analyses within this study is its ability to
detect open conduits into the subsurface. Karst depressions identified through DEM analyses may
or may not contain open conduits into the subsurface; areas previously identified by DEM
analyses were re-investigated using LiDAR point cloud 3D and cross sectional views. If the 3D

views were interpreted to contain open conduits, these areas were then flagged to be checked and
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mapped during field work. Ultimately, advances in remote sensing are enabling better
visualization of surface / subsurface relationships (Fig. 6C). The ability to specifically target /
detect karst features with highly increased efficiency opens the door to conducting karst studies

and understanding regional speleology on a much larger scale than traditional survey methods.

Figure 6: LIDAR analyses. A) discrepancies in karst manifestation identification of surface walks (green
stars) and LiDAR analyses (red); B) LIDAR and DEM analyses enhance identification of depressions
surrounded by dense vegetation (small isolated depressions in red).; C) 3D view of LiDAR point cloud data
of the entrances into Lillcher Cave with simplified cave map from survey data (orange) (vertical
exaggeration is 2X).
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LOCATION

The study area is located on either side of highway RM 652 along a 55 kilometer stretch
across northern Culberson County, Texas. The road essentially runs from the west highway
US62/180 intersection on the Texas / New Mexico border to the Culberson / Reeves county line
to the east, ending just 16 kilometers short of Orla Texas. Physiographically, the study area is
located in the Basin and Range province and is part of the largest desert in North America, the

Chihuahuan Desert (Fig. Al).

Physical Regions

Figure Al: Physiographic regions of Texas (from www.texasalmanac.com)



This region contains nine counties and encompasses approximately 83,000 square
kilometers of west Texas. The Trans-Pecos region is primarily a desert / semi-arid environment
which results in scant precipitation, rapid evaporation, moderate winters and a large proportion of
sunny days with short afternoon showers in the spring months. Agriculture in this region is very
scarce due to the lack of moisture within the soil and limited amount of surface water available
for irrigation. Precipitation is highly variable across the Trans-Pecos depending on topographic
location, where the flats receive less than the mountainous regions due to the rain shadow effect.
The study area along RM652 receives less than 300mm of precipitation per year and decreases as
you move west towards Big Bend (south of Alpine and Marathon), which receives less than
250mm annually (Buechner, 1950). The average temperature of this area is less variable than the
rainfall, with the mean summer temperatures varying from 24° to 30° Celsius; however,

temperatures can reach upwards of 38°C.

The study area is also located in the heart of the Delaware Basin where over a billion
years of the rock record is preserved; ranging from the 1.3 by old Precambrian basement to the
less than 10,000 ybp Holocene sediments (Hill, 1996). The Delaware Basin is bound on its
periphery by a series of exposed reef structures; to the west by the Apache Mountains, to the
north by the Guadalupe Mountains, to the south by the Glass Mountains, and to the east by the
Central Basin Platform. The large Gypsum Plain that encompasses the area is primarily blanketed
by the Ochoan (later Permian) aged Castile and Rustler evaporite deposits at the surface (Fig.

A2).
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GEOLOGIC SETTING & BASIN EVOLUTION

The Delaware Basin of west Texas is one of the largest and oldest petroleum producing
provinces in the United States, and as a result, it has been extensively studied. It spans a distance
of approximately 320 kilometers long by 160 kilometers wide in the form of a large negative
structural depression (Adams, 1965). The Delaware Basin is a part of a larger sedimentary basin
referred to as the Permian Basin which covers approximately 223,000 square kilometers and
encompasses 52 counties in Texas and southern New Mexico. Today, the Permian Basin, also
known as the West Texas Basin, is comprised of five parts; the eastern Midland Basin, the
Central Basin Platform, the western Delaware Basin, and the southern Marfa / VVal Verde Basins
(Fig. A3). These basins were extremely large depocenters for sediments during the late Paleozoic

era (Hill, 1996).

PEDERNAL UPLIFT &
ROOSEVELT POSITIVE

Basement
Uplift

D Shelf

. Thrust Belt

Figure A3: Major sedimentary basins within west Texas and southern New Mexico (from www.pxd.com)
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Today, much of the Permian-aged rocks in southeastern New Mexico and the Trans-
Pecos region are divided, from oldest to youngest, into the Wolfcampian, Leonardian,
Guadalupian, and Ochoan series (Bachman, 1983). The center portions of the Delaware Basin are
primarily dominated by Ochoan aged evaporites, while the perimeter of the basin is marked by
the carbonate Capitan Limestone or reef complex. Even though this reef structure was formed
over 280 million years ago, it has continued to influence the geologic history of the region today

(Bachman, 1980).

Basin Formation / Tectonic Evolution

The first stage of the modern day Permian Basin development occurred from the late
Precambrian to the late Mississippian. The ancestral Permian Basin occupied a passive margin
type setting with weak crustal extension and low-rates of subsidence (Horak, 1985). Throughout
the late Precambrian / Cambrian, the Transcontinental arch extended southeastward across New

Mexico just adjacent to west Texas (Fig. A4).

Figure A4: Displays the location of the Transcontinental Arch during the late Cambrian. (from Blakey,
2016)

36



The tectonic evolution of the area resulted in the conversion of this arch into a negatively
sagging basin. Broad epeirogenic sags and swells covered this area with no important structural
deformation (Horak, 1985). Adams (1965) suggests that the conversion of this ridge was caused
by the shrinking and cooling of the underlying mantle and crustal rocks. Subsidence of this arch
was, however, very slow and resulted in a flattened coastal plain where the Early Ordovician sea
subsequently transgressed (Adams, 1965). The early Ellenburger Sea spread a large wedge of
evenly bedded carbonate sediments offshore that rested on near shore clastic deposits derived
from the erosion of the basement (Fig. A5). These sediments are now part of the Ellenberger
Group of the Permian Basin. The carbonate shelves that formed were very wide and relatively
shallow. They are well known for being one of the largest shallow-water carbonate platforms in
the geologic record (Loucks, 2008). As a result of the minimal cross-shelf circulation, most of the

Ellenburger limestone was quickly dolomitized after deposition (Adams, 1965).

www.deeptimemap

Figure A5: Displays the shallow Early Ordovician Sea and subsequent deposition of the Ellenberger
Formation (from Blakey, 2016).
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Due to crustal warping that occurred near the end of the early Ordovician, a broad,
shallow, gently dipping intracratonic basin began to form which is known as the Tobosa Basin
(Galley, 1958). The deposition was dominated by “layer-cake” stratigraphy of shallow-water
shelf carbonate deposits and fine-grained clastics that began filling the Tobosa Basin. By the
Middle Ordovician, the shales and limestones of the Simpson Formation had covered the southern
portion of present-day North America (Scotese et al., 1979). At this time, the Tobosa Basin

became much deeper and extended further south (Hills, 1984).

By the Devonian, mass deposition of sediments was still occurring. However, there was a
lack of extensive limestone deposition due to water depth towards the axis of the basin or
increased acidity. By the Late Devonian, much of present day North America was covered by
shallow seas which were poorly ventilated (Hills, 1984). Subsidence rates were quick but variable
and some areas of the basin became starved due to slow clastic sediment deposition unable to
keep pace. This variability caused seemingly erratic variations in limestone, dolomite, shale, and
chert deposits. As structural stability temporarily re-established, forestepping of the carbonate
shelves seaward resumed (Adams, 1965). During the Late Devonian and continuing into the Early
Mississippian, an early transgression event occurred which deposited the Woodford Shale; the
Tobosa Basin consisted primarily of dark gray and brown shales at this time. The development of
a median ridge began to split the Tobosa Sag at the same time the area of active basinal
subsidence extended northward into Kansas (Adams, 1965). Within the to-be Delaware Basin
area, the black Woodford Shale was approximately 20-200 m thick and contained a large amount

of organic / radioactive material.
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Prior to the Permian, sediments were continually being deposited into the Ouachita
Trough Basin to the southeast. These sediments accumulated within this deep marine basin
slowly until the late Paleozoic Era. The second stage of the formation of the Permian Basin
involved the collision of North American (Laurentia) and South American / African (Gondwana)
during the Hercynian/Ouachita Orogeny to form Pangea (Fig. A6) (Hill, 1996). This collision
occurred in the late Paleozoic, from the Late Mississippian through early Permian (320-265 Ma).
The uplift of this trough produced the Ouachita Mountains which at the time ran all across Texas.
Remnants of the Ouachita Trough can be seen in the Marathon Basin in west Texas, but for the
most part, these uplifted Permian sediments are all covered by younger sediments. During the
time of the Ouachita thrust front, minor thrusts and arches formed simultaneously. This
compressional event formed the Muenster Arch, Bend Arch, and Red River arch which are
located near the Ouachita thrust belt in northeastern Texas. During this time, there were a series
of transgressions and regressions. Fluctuating nearshore environments with alternating non-
marine channel fluvial-deltaic systems existed which deposited many sediments throughout Texas

(Reneer, 1983).

The Tobosa Basin was heavily deformed due to movement along high angle basement
faults and pre-existing zones of weakness (Horak, 1985). Both the Hercynian and Ouachita
orogenies gave rise to the Central Basin Platform through associated horst-block faulting, which
divided the Tobosa Basin into the western Delaware Basin, eastern Midland Basin, and the Val
Verde Basin to the southeast. Basin subsidence continued as sediments were essentially shedding
off of these uplifted areas (Ouachita Trough, Red River Arch, central New Mexico) and all

migrating towards the Midland/Delaware basins (Hills, 1984). These sediments were often
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reworked by waves and currents of the inland sea which resulted in the shallow fluvial-deltaic

deposits seen throughout north central Texas.

Early Permian - 280 Ma

Figure A6: Theoretical view of the Oauchita thrust front during the Early Permian (from Blakey, 2016).

The blocks that formed from reactivation of high angle basement faulting rose and
subsided independently. This crustal mobility, high heat flow, rapid basin subsidence, and filling
characterize the essential depositional framework that controlled subsequent Permian
sedimentation patterns (Horak, 1985). Some suggest that the Delaware Basin is similar to an
aulacogen as its relationship to the Marathon/Ouachita thrust belt is nearly perpendicular.

However, the faulting does not seem great enough at this time to support such claims. Therefore,
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the Delaware Basin is considered to be a large intraplate basin and during this time was tilted to

the east (Hills, 1984).

As previously mentioned, the Central Basin Platform uplift divided the Tobosa Basin.
This uplift was composed of heavily folded and faulted Paleozoic rocks with a widespread
unconformity that truncated Precambrian to Late Pennsylvanian aged rocks (Jones and Matchus,
1984). The folds that form the Central Basin Platform (northwest trending) are parallel to
portions of the Marathon thrust front, supporting its Marathon/Ouachita orogeny origin. The
Midland Basin that formed to the east is slightly larger than the Delaware Basin but also
shallower. It covers approximately 40,000 square kilometers and at its deepest point contains
around 4500 meters of sediment (Horak, 1985). Due to the compressional stresses applied by the
Ouachita orogenic front, the Delaware Basin continually subsided during the Pennsylvanian. The
uplift of the Glass Mountains to the south of the basin was followed by increased erosion and
basin infilling. This infilling caused even more basin subsidence and loading that increased the
relief of the rising Central Basin Platform and the sinking Delaware Basin (Hill, 1996). Because
of the increased subsidence, the deepest portions of the basin were dominated by muds and dark

siliceous shale accumulations and these regions were unable to form limestones.

The Delaware Basin remained a relatively deep water basin until the late Guadalupian
Epoch. By the Late Pennsylvanian, broad carbonate shelf development continued along the
perimeter of the newly divided basin and sections of the Central Basin Platform as a result of its
equatorial location. This resulted in a deep starved shale basin as sedimentation in the Midland /
Delaware basins was rather sparse due to the trapping of clastic material (eroded off the northeast

highlands) behind the carbonate banks (Hills, 1984).
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The next stage or phase of basin development occurred during the Permian. The Permian
marks a time of high mobility rates and rapid filling of the basins with fine- to coarse-grained
clastics; accompanied by the extensive development of reef-fringed carbonate and evaporite
platforms (Horak, 1985). This phase encompassed a time span of 290-250 million years ago from
middle Wolfcampian to Ochoan (Hills, 1996). Sedimentation and development of carbonate
shelves occurred until the Delaware Basin remained as a small deep water depocenter (Adams,
1965). Rapid basin subsidence occurred which allowed for huge accumulations of sediments.
Approximately 3500 meters to 5000 meters of sediments were deposited in the central portions of
the Delaware Basin and 2000 meters on the outer shelf (Scholle et al., 2004). This massive
sedimentation ultimately imposed a significant amount of compressional stress on the underlying
rocks. The stress further squeezed up the Central Basin Platform to the east, and the Diablo
Platform to the west, which provided even more accommodation space and clastic sources

(Adams, 1965).

During this phase, the region was continually dividing into the Delaware Basin, Central
Basin Platform, and Midland Basin (Hills, 1996). Tectonically speaking, the area during this time
was relatively quiet until increased tilting occurred during the late Ochoan. Throughout the
Delaware Basin, none of the earlier mentioned faults or folds that formed during the collision
phase extended into the Permian rocks above the Wolfcampian (Hill, 1996). Some Permian rocks
do have later aged folds (monoclines / anticlines) but were formed by differential compaction and
basement abnormalities rather than compression during the Ouachita Orogeny (Hill, 1996).

Initially, during the early Permian (Wolfcampian), large amounts of clastics were deposited that
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thickened towards the center of the basin; these sediments are thought to be primarily distributed

by sweeping turbidity flows off the flanks of the uplifted areas.
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Figure A7: Delaware / Tobosa basin with associated channels and uplifts (from Adams, 1965).

The Wolfcampian Seas that filled the Delaware Basin at this time were agitated enough

for thorough mixing of the water column. The mixing occurred due to increased activity in

turbidity flows and circulation through carbonate channels in the shelf. The Hovey Channel and

43



Val Verde Basin to the south kept the surface water organically productive & aerated (Fig. A7)
(Hills, 1984). The Wolfcampian was a time of the greatest basin subsidence within the southern
Delaware Basin. Most of this subsidence occurred between the Marathon thrust sheets and Fort

Stockton Uplift (Ewing, 1993).

This mixing of nutrients allowed for the proliferation of algae and other planktonic and
nektonic forms that were the organics that ultimately created this highly productive hydrocarbon
source rock (Adams, 1965). Normal marine salinity prevailed during this time as the marginal
shelves and platforms were not sufficient to cause more than a mild restriction of circulation. The
basin floor at the onset of the Wolfcampian was 300 meters deeper than the surrounding shelves.
By the closure of the Wolfcampian deposition, the basin was approximately 450 meters deep and

a large amount of organic material had been preserved (Hills, 1984).

Following the Wolfcampian, during the Leonardian, deposition of fine-grained clastic
sediments continued into the central portion of the basin and subsidence across the Delaware and
Midland basins was slower than in the early Permian. These sedimentation events were
interrupted by cyclic carbonate wedges on the basin edges that extended as limestone beds
basinward (Hills, 1984). These lenses of carbonate material offered sufficient overburden to
compact the underlying fine-grained sediments and redirect pore waters which induced
diagenesis. Some fine-grained clastic and sandstone beds are found basin-wide across the
Delaware Basin and it is suggested that turbidity flows are the main cause of distribution (Adams,

1965).

By the end of the Leonardian, the Central Basin Platform, Diablo Arch, and the Star

Mountain Arch became completely covered by bedded shelf limestones (Adams, 1965). In deeper
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portions of the basin, these shelves were bordered by reefs which limited the movement of
unconsolidated limestone muds. In the northern, shallower section of the basin, limestone detritus
washed off the shelves and eventually became important petroleum reservoirs. The sediment
outflowed through channels in the shelf/reef and caused the formation of alluvial fans which
ultimately promoted the forestepping of reefs and seaward shelf growth (Adams, 1965).
Evaporites were deposited on the broad shelves where the widespread restricted lagoons were
located; and coarse-grained clastic sedimentation increased due to the renewal of uplifts in the
northwest and increased subsidence (Adams, 1965). The underlying Wolfcamp sediments at this
time were buried greater than 900 meters and the onset of an active petroleum system began

(Hills, 1984).

The Late Permian sequences in the Delaware Basin are divided into two main series
which are based on lithology and controlled by reef growth. The two main Upper Permian
sequences are the Guadalupian Series (271-260 mya) and Ochoan Series (260-251 mya) (Adams,
1965) (Fig. A8). The Guadalupian Series represents the deposition of a thick, clastic, basin-filling
facies, where the basin is continually filled with approximately 900-1200m of sediment (Hills,
1984). The periphery of the basin during this time was dominated by reef growth where the reef
crest rose approximately 500 meters above the basin floor. The central portions of the basin were
dominated by sandstones and siltstones, the marginal areas by limestone deposits, and the
backreef formed evaporite lagoons (Adams, 1965). The Carbonate Reef formations that were
deposited during this time were the Goat Seep Dolomite and the overlying Capitan limestone

(Fig. A7). Contemporaneously, the backreef facies sediments of the Artesia Group were
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deposited. These sediments included the Queen, Seven Rivers, Yates, and Tansil Formations

(Scholle et al., 2004) (Fig. A8).
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Figure A8: Delaware Basin cross section with lithologic units (from Scholle, et al., 2004).

Continued subsidence provided accommodation space for the central basin formations
such as the Bell Canyon, Brushy Canyon, and Cherry Canyon formations to be deposited. These
formations represent the clastic-dominated, primarily terrigenous sediments that were deposited
during episodic sea-level fluctuations during the Guadalupian (Scholle, et al., 2004). In the
closing stages of the Guadalupian, the Permian Basin became relatively tectonically stable
(Adams, 1965). At this point, the middle Permian sediments previously deposited were 300
meters deeper. The Wolfcampian strata were now buried even further, now underneath 2400 —

3000 meters of overburden. These sediments were well within the catagenic zone where the
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cracking of kerogen to hydrocarbons was actively occurring (Hills, 1984). Subsequently, the
deposition of carbonate reefs and associated carbonate shelf sedimentation was terminated.
Scholle and others (2004) postulate that this is largely due the increased basin restriction that

began near the end the end of the Guadalupian.

Following the Guadalupian, the Ochoan series of evaporite formations were deposited
(260 to 251 mya). The continual restriction of the evaporite seas resulted in the deposition of the
first phase of evaporite filling within the Delaware Basin; this basin filling formation is the
Castile Formation. The Castile Formation is a unit that reaches approximately 550 meters in
thickness at the northern section of the basin (Scholle et al., 2004). The massive evaporite
deposition occurred due to increased growth of the Capitan Reef effectively closing off of the
previously mentioned Hovey Channel. This closure excluded the Delaware Basin from its direct
connection to the open ocean. The Castile began filling the Delaware Basin and the evaporite
sedimentation spread across the shelfal regions (Fig. A8). The Castile consists of millimeter-
scale interbedded laminae of gypsum, anhydrite, organic matter and calcite (Fig. A9). These
interbedded layers have been interpreted to be varves with over 209,000 cycles present in the

Castile alone (Scholle et al., 2004).

The distinct characteristic of large scale, laterally-continual laminations and lack of
shallow water sedimentary structures suggest that the Castile was deposited in deep water
(Scholle et al., 2004). The Castile sediments infilled the Delaware Basin and evaporite deposits
spread across the region. The next Ochoan unit deposited was the Salado Formation. The Castile

Formation grades conformably into the Salado and unlike the Castile, it extends far beyond the
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margins of the Delaware Basin and is the first unit to cross the Capitan Reef from basin to shelf

(Kelley, 1971; Hills, 1996).

Figure A9: Laminated Varves of the Castile formation (Scholle, et al 2004).

The distinct characteristic of large scale, laterally-continual laminations and lack of
shallow water sedimentary structures suggest that the Castile was deposited in deep water
(Scholle et al., 2004). The Castile sediments infilled the Delaware Basin and evaporite deposits

spread across the region. The next Ochoan unit deposited was the Salado Formation. The Castile
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