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INTRODUCTION:
HYPOGENE KARST OF TEXAS
Kevin W. Stafford
Department of Geology, P.O. Box 13011, SFA Station,
Stephen F. Austin State University, Nacogdoches, Texas
75962, USA, staffordk@sfasu.edu
Texas hosts diverse karst development ranging from one of
the most productive karst aquifers in the world, the Edwards
Aquifer, to massive caves in the Guadalupe Mountains, to
regions of extensive gypsum karst and even karsted petroleum
reservoirs. Karst is traditionally associated with caves and
water resources; Texas is well known for these as well as associated archeological, cultural, biological, geological, paleontological, and economic resources. While karst development
in Texas, like most regions of the United States, has been
traditionally associated with caves, landforms and solutional
conduits formed by epigene/hypergene processes (i.e. karst
developed in unconfined aquifers that are directly coupled
with surficial, meteoric processes), recent advances in karst
science have recognized significant karst development formed
by hypogene processes (i.e. karst developed in semi-confined
aquifers decoupled from surficial, meteoric processes)
throughout the state.
Over the past decade, hypogene karst has received much
attention globally among karst scientists and cavers alike. The
theory of hypogene speleogenesis has gained both scientific
and public support as a valid, and widespread, mechanism
for karst development in varied terrains. Classically, in North
America, hypogene karst in the 20th century was considered
to only exist in unique environments associated with either
elevated thermal gradients (i.e. hydrothermal karst) or unique
geochemistry (i.e. sulfuric acid speleogenesis). However, the
work of Alexander Klimchouk (2007) in his seminal volume
“Hypogene Speleogenesis: Hydrogeological and Morphometric Perspective” arguably began a revolution in thought related
to karst processes and the broad implications of hypogene
speleogenesis throughout North America, especially Texas.
Ford (2006) defined hypogene karst as:
the formation of caves by water that recharges the soluble formation from
below, driven by hydrostatic pressure or other sources of energy, independent of recharge from the overlying or immediately adjacent suface.
In the last decade, several international conferences have
focused on refining and improving the understanding of
hypogene speleogenesis (e.g. Chavez and Reehling, 2016;
Klimchouk and Ford, 2009; Stafford et al., 2009), often including examples of hypogene karst manifestations throughout
Texas (e.g. Faulkner and Stafford, 2016; Nance and Stafford,
2009; Veni and Heizler, 2009). As karst scientists and cavers
began to view caves and karst processes in light of potential
hypogene processes, many caves that had been previously
considered “problematic” in relation to how they formed
became more easily explained. Karst science in Texas is now
at the forefront of unravelling the complexities of hypogene

Figure 1. Karst regions of Texas (note regions included in this book).

speleogenesis, more specifically in delineating the boundaries and variations that exist between epigene phreatic cave
development and hypogene karst. Undoubtedly, the theory
of hypogene speleogenesis, as well as all karst processes, will
continue to evolve over the coming decades and centuries.
This volume attempts to accomplish three primary goals
related to hypogene karst in Texas:
1. Describe and characterize the diversity of recognized
hypogene karst phenomena in Texas;
2. Promote increased research to better delineate hypogene
karst from epigene phreatic karst, which often proves
problematic in field studies across the state; and
3. Create a platform to initiate new research and discussion
on hypogene phenomena in Texas.
The first chapter in this volume, presented by Alexander
Klimchouk, provides an overview of the current theory of
hypogene speleogenesis and how it has evolved over the last
decade. The subsequent eight chapters focus on specific karst
regions, generally tied to physiographic regions in Texas, and
associated karst development, specifically hypogene processes,
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within those regions. This volume is by no means comprehensive of karst development or even hypogene speleogenesis
throughout Texas.
The Texas Speleological Survey recognizes twelve distinct
karst regions within Texas that host cave development (Fig.
1), not including various locations where pseudokarst occurs.
Three of these karst regions are not covered in this volume;
cave data are too sparse and karst research too limited at this
point in time to adequately postulate on potential speleogenetic mechanisms in the Block-Faulted Ranges, the Isolated
Edwards Group Outliers, and the North Texas karst regions.
The nine karst regions reported in this volume are: 1)
Permian Reefs; 2) Gypsum Plain; 3) Stockton Plateau, 4) Central Edwards Plateau, 5) Devils River Trend/Maverick Basin,
6) Balcones Fault Zone, 7) Lampasas Cut Plain, 8) Llano
Region, and 9) North Texas Gypsum. This volume is arranged
starting with the best documented hypogene karst regions of
West Texas and then progressing throughout the state into
regions were evidence of hypogene karst is less significant and
possibly non-existent. This volume is organized in relation to
these nine physiographic regions as follows, with all regions
discussed in seperate chapters except Central Edwards Plateau
and Devil’s River Trend/Maverick Basin which are included
together in the chapter presented by George Veni.
• Permian Reefs—Postulated Origin of Carlsbad Cavern, Lechuguilla Cave, and Other Hypogene Caves, Guadalupe Mountains,
West Texas and Southeastern New Mexico by Douglas Kirkland
and Brenda Kirkland.
• Gypsum Plain—Evaporite Karst of West Texas: Delaware
Basin by Kevin Stafford and Raymond Nance.
• Stockton Plateau—Karst of the Stockton Plateau: West Texas
by Kevin Stafford and Bryan Byrd.
• Central Edwards Plateau and Devils River Trend/
Maverick Basin—Hypogene Caves and Karst of the Edwards
Plateau, Texas by George Veni.
• Balcones Fault Zone—The Balcones Fault Zone Segment of
the Edwards Aquifer of South-Central Texas by Geary Schindel
and Marcus Gary.
• Lampasas Cut Plain—Hypogene Karst of the Lampasas Cut
Plain by Melinda Shaw Faulkner and Aaron Bryant.
• Llano Region—Karst of the Paleozoic Aquifer System: Llano
Region, Texas by Kevin Stafford and Wesley Brown.
• North Texas Gypsum—Gypsum Caves of North Texas and
Western Oklahoma by Kenneth Johnson.
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ADVANCES IN UNDERSTANDING
HYPOGENE KARST
Alexander B. Klimchouk
Institute of Geological Sciences, National Academy of
Sciences of Ukraine, Ukraine, klim@speleogenesis.info

Abstract
Ideas that karst can develop at depth without direct genetic
relationship to the surface have a long history, but remained
on the periphery of karstological thinking, not influencing
the traditional paradigm of karst until the last 25 years. Rapid
developments of hypogene karst studies since 1990, with the
impressive burst during the last decade, resulted in that the notion of hypogene karst has changed from an aberrant curious
phenomenon to one of the fundamental categories of karst,
at least of equal importance with more familiar epigene karst.
Dramatic expansion of empirical knowledge of hypogene
speleogenesis requires, and feeds, continued refinement of the
conceptual basis and principles of hypogene karst studies.
This chapter refines the definition of hypogene speleogenesis, demonstrates its inherent link with the ascending flow and
the primarily hydrodynamic control of its mechanism, reveals
its hydrogeologic contexts, summarizes the knowledge of patterns, morphology, distribution and localization of hypogene
caves, and provides the methodological principles of identifying the hypogene origin of caves.

Brief Hstoric Overview
Ideas that karst can develop at depth without direct genetic
relationship to the surface (i.e. without exposure of the host
rocks and recharge from the immediately overlying surface)
have a long history, but remained on the periphery of karstological thinking, not influencing the traditional paradigm of
karst until the last 25 years.
Early scientific comments that solution cavities can form
at depth due to the action of rising hydrothermal waters were
made in the mid-19th century by geologists who studied ore
deposits in Europe. They went unnoticed by scholars of the
first half of 20th century who shaped the body of the emerging science of karst. Since the mid-20th century, ideas of
hydrothermal karst, sulphuric acid karst and ore karst received
further development mainly in the Czech Republic, Hungary,
Poland and the ex-USSR. In these countries, the concepts
of deep-seated karstification driven by hydrothermal and
sulphuric acid dissolution were easily fit into the process-based
general notion of karst which was common there. Notable
publications of this period include, among others, Jakucz
(1948, 1977), Kunsky (1957), Sokolov (1962), Maksimovich
(1969), Dublyansky (1980), Müller (1974), Sass-Gustkiewicz

and Dzulynski (1982). In the United States, several important
publications appeared, focused on speleogenesis by thermal
waters (Egemeier, 1973; Bakalowicz et al., 1987), sulphuric
acid (Morehouse, 1968; Hill, 1987) and artesian waters (Brod,
1964; Howard, 1964). These speleogenetic works were clearly
inconsistent with the landscape-based (epigenic) karst notion
which dominated in the Western literature. Although these
alternative mechanisms for cave development have been given
due attention in the major contemporary text on karst (Ford
and Williams, 1989), this acknowledgement did not gain reflection in the approach to the general notion of karst.
The beginning of 1990s has been marked by several publications that signified the turning point in studies of hypogene
speleogenesis. The book by Dublyansky (1990) was the first
comprehensive account on hydrothermal karst, including theoretical aspects. In his classical paper on the origin of limestone
caves, Palmer (1991) provided an excellent summary on hypogene speleogenesis and brought the term “hypogene caves”
into a broad international usage. Klimchouk (1990, 1992,
1994, 1997a) revitalized the concept of artesian speleogenesis
by employing concepts of cross-formational communication
in leaky confined aquifer systems. He demonstrated that giant
gypsum maze caves in the Western Ukraine were formed by
upward leakages across the gypsum bed, sandwiched between
two aquifers, in zones of topographic/piezometric lows. The
small book by Ezhov et al. (1992)1 offered a thought-provoking and far-reaching discussion of “non-traditional” types of
karst (hydrothermal karst, sulfuric acid karst, ore karst, silicate
karst, endokarst, etc.) in the context of thermobaric conditions in the Earth’s crust.
Palmer (1995) has overviewed geochemical models for the
origin of macroscopic solution porosity in carbonate rocks,
and demonstrated a multiplicity of dissolution mechanisms
operating in deep-seated environments. Klimchouk (2000)
provided a lengthy review of speleogenesis in deep-seated
and confined settings and relevant karst concepts, introduced
the concept of transverse speleogenesis, highlighted the
distinctiveness of deep-seated speleogenesis with respect to
speleogenesis in unconfined settings and called for a revision
and expansion of the traditional paradigm of karst in order to
embrace the deep-seated phenomena. The multi-author international book on speleogenesis (Klimchouk et al., 2000) has
codified the division of basic genetic settings for caves into
(1) coastal and oceanic (eogenetic), (2) confined deep-seated
(hypogenic), and (3) unconfined (hypergenic/epigenic).

________________________________________________________________________________________________________________________________________________________________________

1 A somewhat modified version of this book has been published recently in English (Andreychouk et al., 2009).
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By the end of the 20th century, the notion of hypogene
caves remained largely limited to caves formed by hydrothermal and sulfuric acid dissolution (Ford and Williams,
1989; Palmer, 1991; Hill, 2000), and the term and concept of
hypogene speleogenesis were linked to the origin (relative to
the surface) of the aggressiveness of water (Palmer, 1991).
Klimchouk (2000) emphasized an importance for deep-seated
speleogenesis of upwelling cross-communication between
aquifers in leaky confined systems, and Ford (2006) suggested
a definition of hypogene speleogenesis based on recharge
from below. This approach, which can actually be traced from
the recognition by Ford (1987) of a class of basal injection
caves, has been further elaborated by Klimchouk (2007),
who suggested that in hypogene speleogenesis the specific
hydrogeological settings, including leaky confinement and
upwelling flow patterns, overarches the particularities of the
physico-chemicial mechanisms which create the aggressiveness
of water toward rocks. Therefore, hydrogeological criteria are
decisive in distinguishing hypogene speleogenesis; this also follows from the general postulate of the supremacy of groundwater flow in speleogenesis.
In the 1990s, independently from karst and cave science,
sedimentologists and petroleum geologists studying carbonate reservoirs began to realize limitations of the model of
subaerial meteoric diagenesis, heavily used to explain the
formation of deep-seated dissolutional porosity in carbonates. This model implied that karstification is related mainly to
past exposures and occurs in paleo-vadose and paleo-phreatic
freshwater zones (i.e. is paleokarst; Esteban and Wilson, 1993).
Some workers proposed that deep-burial dissolution in the
mesogenetic environment can contribute significantly to secondary porosity and permeability evolution in many carbonate
reservoirs (e.g. Mazzullo and Harris, 1991, 1992; Al-Shaieb
and Lynch, 1993; Machel, 1999). It was shown that mesodiagenetic dissolution in carbonate reservoirs occurs at burial
depths ranging from 200 m to 9150 m (Mazzullo and Harris,
1991). The modern literature on deep-seated carbonate reservoirs provides ample evidence for macroscopic dissolutional
porosity formed in situ (e.g. Heward et al., 2000; Korobov and
Korobova, 2006; Smith, 2006; Zhu et al., 2015; among many
others). However, some authors still deny the very possibility
of significant dissolution porosity creation in the mesogenetic
realm (Ehrenberg et al., 2012). In fact, carbonate reservoir
geologists are still largely ignorant of the developments in
hypogene karst studies, and stick to the paleokarst concept in
interpreting deep-seated solution porosity.
The period since 1990 has witnessed a rapid growth in the
number of empirical studies of different kinds of hypogene
speleogenesis in various regions around the world, which
dramatically accelerated after the publication of the Klimchouk’s (2007) book on the subject. An overview of these
works is beyond the scope of this chapter. Rich bibliographies
on hypogene caves can be found in major recent general texts
on karst and caves (Ford and Williams, 2007; Palmer, 2007),
theme-focused monographs (Klimchouk, 2007, 2013), and
collections of papers (Klimchouk and Ford, 2009; Stafford et
al., 2009; Klimchouk et al., 2014).
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Dramatic advances in studies of hypogene speleogenesis
during the last 25 years resulted in the notion that hypogene
karst has changed from an aberrant curious phenomenon to
one of the fundamental categories of karst, at least of equal
importance with epigene karst. Recognition of hypogene
karst in this capacity clearly signifies an ongoing major shift
in the karst paradigm, previously overwhelmingly dominated
by the epigene concepts and models. Hypogene speleogenesis
has broad and important implications for many applied fields
such as characterization and modeling of reservoirs in soluble
rocks, geological sequestration of CO2, oil field prospecting
and exploitation, geological engineering, mineral resources
industries and groundwater management.

Definitions
There are two different approaches on how to define hypogene speleogenesis. Palmer (2000) defined hypogenic caves as:
those formed by water in which the aggressiveness has been produced at
depth beneath the surface, independent of surface or soil CO2 or other
near surface acid sources.
This approach, often termed “geochemical,” emphasizes the
place of the origin of aggressiveness relative to the surface.
With the “hydrogeological” approach, Klimchouk (2007)
defined hypogene speleogenesis as:
the formation of solution-enlarged permeability structures (void-conduit
systems) by fluids that recharge the cavernous zone from below, driven
by hydrostatic pressure or other sources of energy, independent of direct
recharge from the overlying or immediately adjacent surface.
This approach emphasizes the groundwater (fluid) flow system, and the definition directly indicates that hypogene speleogenesis develops by upwelling flow, whereas the geochemical
definition does not require this.
The above two approaches, in fact, are not contradictory.
However, using different criteria in distinguishing hypogene speleogenesis, they determine slightly differing sets
of speleogenetic environments and samples of caves to be
considered as hypogenic. Based on the geochemical approach,
Palmer (2007) places the artesian transverse cave development in evaporites into the realm of epigene speleogenesis,
whereas cave development due to mixing along hydrochemical
interfaces in unconfined aquifers is placed into the hypogenic
category. Within the hydrogeological approach advocated by
the present author, the classifying of speleogenesis in these
respective environments is the opposite.
Dublyansky (2014) suggested integrating both approaches
by using together two defining properties: deep-seated sources
of aggressiveness and recharge of a soluble formation from
below, while both are independent of conditions at the overlying or immediately adjacent surface. In fact, the condition of
“deep-seated source of aggressiveness” (with regard to a given
soluble unit) is tacitly implied by the condition of recharge
from below (i.e. of rising flow).
The above cited “hydrogeological” definition should be
refined by eliminating the non-specific and hence unneces-
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sary requirement for upwelling fluids to be “driven by hydrostatic
pressure or other sources of energy,” and by adding more distinctness with regard to the source of fluids. In fact, one of the
most distinctive features of hypogene speleogenesis is that the
cave-forming fluids come not merely from below but from
hydrostratigraphically lower adjacent units or from hydrostratigraphically separated deeper sources. Following these reasons,
hypogene speleogenesis can be re-defined as:
the formation of solution-enlarged permeability structures (void-conduit
systems) by upwelling fluids that recharge the cavernous zone from hydrostratigraphically lower units, whereas fluids originate from distant,
estranged (by low-permeability beds or strata) or internal sources, independent of recharge from the overlying or immediately adjacent surface.
One of the advantages of this definition is that it allows a
sensible discrimination between true hypogene speleogenesis
and the cave development in the discharge segment of phreatic epigene systems (the latter occurs in the same aquifer that
hosts the entire flow system).
The hydrogeological approach highlights the common
genetic background and explains the multifaceted similarity of
caves formed by upwelling flow, previously seen as unrelated
because of their attribution to different chemical processes
involved. Importantly, it provides a theoretically and methodologically sound basis not only for defining and identifying
hypogene speleogenesis, but also for its spatial and temporal
prognosis in the context of regional hydrogeology and geodynamics (Klimchouk, 2013b, 2013c, 2014).

Hypogene Speleogenesis and Hypogene Karst
Two fundamental types of speleogenesis, hypogene and epigene (hypergene), differentiate due to distinct hydrodynamic
characteristics of the respective groundwater flow systems:
(1) stratiform confined aquifer systems, or cross-formational
fracture-vein systems, of varying depths and degrees of confinement, and (2) hydraulically open, near-surface unconfined
systems.
As speleogenesis is the primary mechanism in the formation
of karst, Klimchouk (2013, 2015) proposed that genetic types
of karst are to be distinguished based on types of speleogenesis. Accordingly, two major genetic types of karst within the
upper part of the Earth’s crust are hypogene karst and epigene
(hypergene) karst. They differ in boundary conditions, hydrodynamic regimes and patterns of fluid flow, mechanisms and
geochemical environments of speleogenesis, and the evolutionary trajectories of corresponding karst systems.
The terms “karst” and “karstification” have generally
broader scope than the terms “caves” (solutional) and “speleogenesis” (karstic), as the former encompass also superficial
features and processes. Since hypogene karst during its formation is almost exclusively represented by voids and conduits,
whose origins are not directly related to the surface agencies,
the terms “hypogene karstification” and “hypogene speleogenesis” are virtually interchangeable.
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Speleogenetic Mechanisms
Particularities of dissolution chemistry alone do not determine the specifics of the hypogene speleogenetic mechanism, and of the patterns and morphologies of hypogene
void-conduit systems. Regardless of the dissolution mechanism, removal of the matter, the overall maintenance of the
aggressiveness, and distribution of its effects depend on the
groundwater (fluid) movement, so that hydrodynamics determined by the hydrogeological settings is the primary control
of the speleogenetic mechanism. Hypogene caves formed
by different dissolutional mechanisms in different lithologies
commonly demonstrate remarkable similarity in patterns, morphologies and other characteristics, induced by the similarity
of the hydrogeological conditions.
One of the main reasons for the distinctions in patterns
between epigene and hypogene void-conduit systems is the
specifics of the hypogene speleogenetic mechanism caused
by particularities of a hydrodynamic behavior of the confined
flow systems. In confined (semi-confined) settings, in zones
where flow is directed upward across layers and formations,
both recharge to fractures in soluble rocks and discharge
out of them occur through adjacent insoluble beds with
a relatively conservative permeability. The same applies to
cross-formational fracture-vein systems (e.g. fault-controlled)
in which focused flow crosses soluble and insoluble rocks.
Discharge in the whole groundwater flow system is controlled
by the least permeable elements in the cross-section. Before
the onset of speleogenesis, less permeable beds in layered
systems are commonly represented by the soluble rocks, and
discharge through fractures in them is controlled by their
hydraulic capacity. When transverse proto-conduits reach the
breakthrough condition, their further growth does not accelerate dramatically, because at some point the control over
discharge switches to the permeability of the adjacent or more
distant insoluble beds (or to unaltered insoluble segments in
fracture-vein systems). This switch to the external conservative control over discharge subdues the positive feedback loop
between discharge and the conduit growth and restrains the
speleogenetic competitiveness, allowing alternative transverse
flow pathways to continue their growth and favoring formation of pervasive, maze-like patterns (Klimchouk 2000).
This effect has been confirmed by numerical modeling of
hypogene speleogenesis in a stratified aquifer system with
dispersed basal recharge to the soluble bed (Birk, 2002; Birk
et al., 2003; Rehrl et al., 2008, 2010). Modeling of conduit
development by hydrothermal dissolution along localized
fracture-vein structures (Andre and Rajaram, 2005; Rajaram
et al., 2009; Chaudhuri et al., 2013) revealed that the thermal
coupling between the fluid and rock also causes the suppression of the flow-growth feedback and speleogenetic competition soon after breakthrough.
Another specific feature of hypogene speleogenesis is the
great role of natural convection (buoyancy-driven) circulation (Klimchouk, 1997, 2007). It is favored by the commonly
sluggish forced-flow regime in confined settings, and invariably develops where rising fluids of lesser density (due to
higher temperature or lesser salinity) mix with groundwater in
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aquifers being crossed, and where fluids cool and/or dissolve
the bedrock along rising flowpaths. The upward-pointed dissolutional effect of natural convection circulation influence
patterns of hypogene caves, but its role is most pronounced in
shaping their meso-morphology (Klimchouk, 2007). These effects have been recently confirmed and thoroughly studied by
thermohydrochemical modeling (Chaudhuri et al., 2013).

The Key Role of the Upward Flow in
Hypogene Speleogenesis
In deep-seated confined settings, cross-stratal and crossformational leakages can be directed both downward and
upward, although the upwelling migration generally dominates
(see next sections for more detailed discussion). Nevertheless,
hypogene speleogenesis is linked with the upwelling circulation, but not with the descending one. This is suggested by
vast empirical evidence, but also has a theoretical explanation
(Klimchouk, 2014).
The most fundamental reason lays in the speleogenetic
mechanism, described in the previous section. As noted there,
the overall vertical permeability of the heterogeneous crosssection is determined by the least permeable intervals. In the
areas of upward circulation, initial speleogenesis in the soluble
beds increases their vertical permeability and leads to hydraulic
integration of aquifers in the deep-seated system containing
soluble units. This, in turn, steepens the head gradient and increases the leakage across the upper insoluble confining units
and hence, increases the overall discharge in the system. The
positive feedback loop between discharge and conduit growth,
subdued during the early phases of hypogene speleogenesis,
reactivates gradually, and stimulates further development
of transverse conduits. The gradient and discharge further
increase with continued erosional entrenchment into the upper confining unit, and local collapses of deep-seated cavities
and upward propagation of breakdown columns (chimneys)
breaches the major confinement and creates points of vigorous focused discharge. In contrast, in the areas of more
diffuse downward circulation, hydraulic resistance to flow
increases with depth. Moreover, possibilities for internal discharge are limited, and diminish with depth. This prevents an
increase in the circulation intensity and inhibits the mechanism
of speleogenesis. Similar lines of arguments can be used for
vertical flow in a cross-formational fracture-vein structure that
crosses rocks of interspersed soluble and insoluble units.

Hydrogeologic Contexts of
Hypogene Speleogenesis
Whereas epigene karstification is associated mainly with
local gravitational flow systems in shallow hydraulically open
unconfined settings, hypogene karst development commonly occurs at greater depths and is linked with ascending
(discharge) components of deeper flow systems of varying
degrees of confinement, and of different regimes. Thus,
studying hypogene karst requires understanding of much
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deeper and broader hydrogeological contexts, and commonly
in more far-reaching retrospectives. Since such context is
rarely discussed in classical karst literature, it is worth presenting it briefly here.
Groundwater Flow Regimes
Different fluid flow regimes occur in the upper part of the
Earth’s crust, determined by differences in the nature and
magnitude of pressure and the degree of hydrodynamic confinement of flow.
The expulsion (syn. elision, compactional, exfiltration) regime. In
young subsiding basins, the dominant flow drive in progressively buried strata is pressure head generated by compaction due to increasing lithostatic loading, which requires an
expulsion of the pore waters (connate and meteoric) from the
sediments. Flow is directed generally upward and outward; on
the regional scale—from areas of greatest subsidence to the
margins of basins. Varying susceptibility of sediments to compaction and pressure solution, as well as to chemical waterrock interactions, leads to increasing heterogeneity in porosity
and permeability. When tectonism is imposed, the expulsion
regime can also be generated by tectonic compression in the
vicinity of collision and uplift areas.
The thermobaric regime. With still deeper burial and further
rise of temperature and lithostatic loading, the thermobaric
regime develops in which the fluid pressures are caused by the
thermal expansion of water and/or by the release of water
by mineral dehydration in a low-permeability environment.
Thermobaric flow is also directed generally upward.
The deep endogenous regime. Magmatic or juvenile fluids originating from extreme metamorphism and devolatilization of
the lower crust, as well as super-deep fluids released from the
mantle and the outer liquid core (Letnikov, 1999; Lukin, 2014),
can intrude up into the sedimentary cover. These intrusions
contribute to the thermobaric regime and cause anomalies in
parameters of thermal, baric, hydrochemical, geochemical, and
permeability fields.
The groundwater flow regimes noted above are commonly
characterized by abnormal (higher than hydrostatic) pressures
and generally upward flow. As the drives for flow and, in a
large part, sources of fluids are internal, these regimes can
be termed endogenous. Other known drives for flow in the
deep parts of basins include convection induced by thermal or
salinity gradients, and seismic pumping driven by dilation and
contraction in seismically active areas (Sibson, 2003).
The meteoric (syn. gravitational, infiltration, hydrostatic) regime
evolves with the beginning of the continental exposure and
occupies the upper parts of basins. Infiltrated meteoric waters,
driven by gravitational head, increasingly flush out the formation waters from a basin. The meteoric groundwater circulation can penetrate to depths of over 3 km affecting even
deeply buried strata in geologically and topographically favorable conditions, especially in tilted and faulted basins adjacent
to mountainous areas, and in intermountain basins. Localized
fresh-water discharge at depths of several hundred meters
beneath sea level is documented in many coastal regions, and
meteoric groundwater flow has been found by ocean drilling
far offshore. During prolonged exposure periods, the meteoric
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regime substitutes the expulsion regime in the upper crust,
although the expulsion and other endogenous regimes may
still predominate in deep environments.
Interaction of the Regimes
The fluid flow regimes are transitional in geological time
scales, and their domains and importance, as well as fluid
properties, change during basinal and post-basinal evolution.
As mixing of fluids contrasting in physico-chemical properties
often results in bursts of aggressiveness, zones of interaction
between different regimes are particularly favorable for hypogene speleogenesis. Hypogene speleogenesis is commonly a
part of mixed flow systems, where rising flows of the endogenous regimes interact with the meteoric groundwaters. The
nature and the geometry of zones of interaction between different regimes are controlled by respective fluid potentials and
geological heterogeneities. The boundaries can be blurred, but
they are often more distinct where they coincide with low-permeability strata of a regional extent. Importantly, the domain
of the meteoric groundwater regime, perched on ubiquitously
ascending fluids of the endogenous regimes, is often pierced
by rising cross-formational plumes of deep fluids, guided
by major sub-vertical tectonic disruptions. Thermobaric and
geochemical anomalies induced by such intrusions are often
traced vertically across several aquifers in stratified aquifer/
aquitard systems.
Groundwater flow in deep environments
The views on deep hydrodynamics had been significantly
changing during the second half of the 20th century.
For gravity-driven, meteoric groundwater flow systems, the
traditional artesian paradigm implied lateral confined throughflow from marginal recharge areas toward distant discharge
areas along largely isolated aquifers. The vertical hydrodynamic
zoning commonly included three zones according to the dynamics of groundwater circulation: (1) intense, (2) restrained,
and (3) inhibited (the stagnant regime). Most researchers
placed the lower boundary of the zone of intense groundwater circulation at the top of the first regionally extensive aquitard below the erosional valleys (i.e. commonly at depths of
about 100-300 m). Deeper aquifers were commonly thought
to be the domain of restrained regional groundwater flow.
During the second half of the 20th century, the above
views were gradually replaced by the paradigm of the basinwide hydraulic continuity, which implies significant vertical
groundwater leakages between confined aquifers throughout
the entire area of a basin (Shestopalov, 1981, 1988, 1989; Toth,
1995, 2009). Inter-aquifer (across beds of low permeability
between adjacent aquifers) and cross-formational (across
multiple-aquifer systems and regionally extensive aquitards)
vertical hydraulic communication occurs through both the
pore media in separating units and, in more channelized and
intense modes, disruptions such as fractures and conductive
faults. The amount and direction of transverse hydraulic communication depends on vertical pressure gradients between
adjacent aquifers, which in turn depend on the topography
of the water table in the major unconfined aquifer above the
confined system, and eventually on the surface topography.
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For a given aquifer in the confined multi-storey aquifer system,
recharge and discharge across adjacent units can take place
simultaneously and occur throughout the whole area of its
lateral extent.
Across the area of large basins, the alternation of areas of
transverse downward and upward hydraulic communication,
together with lateral flow components within aquifers, creates
the pattern of hydrodynamic cells at various scales, which may
vertically encompass several aquifer systems. Regional hydrogeological data and modeling studies suggest that the groundwater circulation in deep aquifer systems is determined mainly
by vertical leakages rather than by sub-regional and regional
lateral flows. The topographic influence over the hydrodynamics may extend up to depths of 1000-1500 m and more
(Hitchon, 1969; Shestopalov, 1989). Upwelling, transverse flow
below topographic lows, especially river valleys, is commonly
more localized and intense, and extends to greater depths,
than downward flow induced by topographic highs.
For the deeper parts of basins, encompassed by the endogenous regimes, dramatic increases of data about the hydrodynamics during several past decades were related mainly to
prospecting and exploration of hydrocarbon resources. One
of the most characteristic features is mosaic and fragmented
distribution of fluid properties in lateral directions, with the
presence of high-gradient boundaries (Djunin and Korzun,
2010). This zone contains numerous anomalies of thermal,
baric, hydrochemical, geochemical, and permeability fields,
commonly related to deep-rooted tectonic disruptions that act
as cross-formational, fluid-conducting systems (Lukin, 2004).
Such disruptions often guide the rise of super-deep fluids
originating in the lower crust and the upper mantle, which is
evidenced by geochemical data (e.g. Letnikov, 1999; Lukin,
2009). In the regional perspective, the fluid systems of the endogenous regimes, especially of the deep endogenous regimes,
are often compartmentalized. The upward movement along
cross-formational structures, often pulsating in the geological
time-scale, dominates fluid dynamics. These characteristics
cast doubts on a possibility of regionally extensive lateral flows
in the deep parts of basins.
In summary, upward circulation dominates in the domain of the endogenous regimes due to the presence of the
internal sources of recharge/pressure, and of the ultimate
open hydraulic boundary at the surface. During the geostatic
and endogenous stages of basin development, the upwelling
circulation may encompass most of the sedimentary cover.
The pattern of flow depends on the distribution of overpressured zones and distribution of geological heterogeneities.
The upward flow is an important component of groundwater
dynamics in the domain of the meteoric regime, where the
overall circulation is determined by the balance between the
downward and upward branches. The pattern of the gravitydriven meteoric circulation is more predictable, controlled by
the basin geometry, the topography of the water table, and
geological heterogeneities that determine permeability distribution.
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Hydrodynamic Zoning of the Upper Part of
the Earth’s Crust and Types of Hypogene
Speleogenesis
Consideration of the leading factors that determine major
regularities of water exchange led Shestopalov (2014) to
discern three main hydrodynamic zones in the upper part of
the crust: 1) the zone of orographic/hydrographic/climatic
influence; 2) the intermediate (transitional) zone; and 3) the
zone of fluid-geodynamic influence. The first and the third
zones in this scheme can be termed the zones of, respectively,
exogenous and endogenous influence over the hydrodynamics.
The intermediate zone is characterized by restrained influence
of both, exogenous and endogenous factors.
Based on similar hydrodynamic considerations, Klimchouk
(2012) distinguished three types of hypogene speleogenesis,
re-defined below in the view of the above discussion:
1. Artesian hypogene speleogenesis, related to the upward hydraulic
communication (leakage) across separating aquitards in
confined multi-storey aquifer systems, in the hydrodynamic
zone of exogenous influence. This type of speleogenesis
is particularly common for cratonic sedimentary (artesian)
basins and post-orogenic regions marked by massive and
deep penetration of the gravity-driven regime of groundwater exchange.
2. Endogenous hypogene speleogenesis, related to upwelling flows
in the zone of endogenous hydrodynamics, commonly
localized along tectonic disruptions. It is linked mainly
with the thermobaric and deep endogenous regimes, while
the expulsion regime is less potent to support sufficient
aggressive flux to cause hypogene speleogenesis. Endogenous hypogene speleogenesis develops in deep parts of
cratonic artesian basins, especially in areas of the extensional tectonic regimes, as well as in active margins and collision fold-thrust zones.
3. Hybrid artesian/endogenous hypogene speleogenesis develops in
the hydrodynamic zone of exogenous influence, or in the
intermediate zone, due to interaction of groundwaters in
stratiform aquifer systems with focused flows of basinal
and/or lower crust and mantle fluids rising along crossformational, deep-rooted fluid-conducting structures.
The hydrogeological role of hypogene speleogenesis lies
in localized increase in the vertical permeability of separating
aquitards and enhancement of the hydraulic connection of
aquifers in multiple aquifer systems, increase in conductivity
of cross-formational fracture-vein systems, concentration of
ascending flow in certain zones, and eventually, in improving
conditions for ascending discharge of deep flow systems.

Patterns of Hypogene Caves
The patterns of hypogene caves are the result of the
complex interaction of hydraulic, structural, and geochemical
conditions, all varying in the course of the geological evolution. The overall position of cave-forming zones is controlled
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by the 3D distribution and hydraulic function of soluble rocks
within the flow systems, the nature and geometry of major
cross-cutting fractures, and the pattern of geochemical environments in a given setting. The patterns of cave systems are
strongly guided by the initial (pre-speleogenetic) permeability
features in a sedimentary sequence (that is, by the spatial distribution of flow-conducting structures and hydrostratigraphic
interfaces within the soluble and adjacent units), by the mode
of water input to, and output from, cave-forming zones, and
by the overall recharge-discharge configuration in the multiple
aquifer system.
In contrast to epigene settings where initial effective permeability structures are exploited by speleogenesis in a very
selective manner, hypogene speleogenesis tends to exploit
most of them within the cave-forming zones, provided the
aggressiveness is maintained. The presence of major crosscutting permeability features such as large fractures and faults
can exert strong effects on cave patterns through their inflow,
throughflow, and outflow controls. Geochemical interactions
of transverse and lateral flow components often determine
zones of pronounced speleogenetic development and influence the resultant cave patterns. General evolutionary factors,
such as regional tectonic and geomorphic developments that
control rates and architecture of flow and timing of speleogenesis, also affect cave patterns forming in hypogene settings.
The variety of patterns of hypogene void-conduit systems
can be broadly grouped into three categories (Klimchouk,
2012): 1) stratiform (confined to certain stratigraphic levels);
2) cross-formational (localized along faults and fault zones);
and 3) combined (complex). Peculiar features of hydrodynamics in different zones, as discussed in a previous section, give
rise to distinctions in flow regimes and patterns, and chemical
mechanisms involved in hypogene speleogenesis of different
types, resulting in different characteristics of caves. Stratiform
patterns are common for artesian hypogene speleogenesis,
cross-formational patterns are characteristic for endogenous
hypogene speleogenesis, but all types of patterns may form by
hybrid artesian/endogenous hypogene speleogenesis.
The following elementary cave patterns are typical (although
not necessarily exclusive) for hypogene speleogenesis:
• Isolated passage (mainly transverse, rift-like), or rudimentary networks of passages;
• Cavernous edging along transverse rift-like conduits;
• Network maze (single storey and multiple storey);
• Spongework maze;
• Isolated irregular chamber;
• Rising, steeply inclined passage or shaft;
• Collapse shaft over large hypogenic void, and breccia pipe.
Besides these elementary patterns, composite 3D systems
can be distinguished, comprised at different levels of various
elementary patterns such as irregular chambers, clusters of
bed-contained network or spongework mazes, and rising subvertical conduits. Many large hypogene caves exhibit composite 3D patterns.
The same patterns are known to form in different lithologies and by different dissolution mechanisms. Certain patterns
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common for hypogene speleogenesis can also be formed
locally in epigenic environments. Conversely, branchwork
patterns, the most common for epigenic speleogenesis, never
form in hypogenic settings. This reflects the fundamental difference between the mechanisms of epigenic speleogenesis,
largely competitive, and of hypogenic speleogenesis, in which
the competition between alternative flow paths is subdued.
For more extended discussion of hypogene cave patterns
refer to Palmer (1991, 2007), Ford and Williams (2007), Klimchouk (2000, 2007, 2009), and Audra et al. (2009a).

Morphology of Hypogene Caves
In spite of the diversity of geological and chemical conditions of hypogene speleogenesis, and of the variability in sizes
and patterns of hypogene caves, their morphological features
exhibit remarkable similarity at all scales. This arises due to
common features of the genetic hydrodynamic environments:
1. overall upward vector of the cave-forming flow;
2. generally sluggish conditions of upward flow in confined
settings;
3. common presence of natural convection due to density
differences and thus the abundance of morphs created by
upward-pointed buoyancy dissolution;
4. interaction between rising cross-formational conduit flow
and matrix and bedding-controlled flow in aquifers being
crossed;
5. the clustered nature of cavities resulting from transverse
flow along isolated sub-parallel paths, and occasional lateral
merging of individual clusters along laterally conductive
intervals.
These factors explain major morphological singularities of
hypogene speleogenesis, discussed in detail in several publications (e.g. Klimchouk, 2007, 2009; Palmer, 2007; Audra et al.,
2009b). Characteristic meso-forms include: ceiling cupolas
(domes), bell-holes, and channels (half-tubes), rising chimneys,
rising channels (half-tubes) on the overhanging walls (current and bubble trails), superimposed concave facets, solution
pockets, stratiform and horizontal notches on the walls, hanging sculptured rock protrusions (pendants), thin partitions
between adjacent cavities, rift-type and point-wise conduits
connected to main cavities from below (feeders). Typical for
hypogene caves are abrupt variations in passage heights and
widths over short distances, and abrupt terminations of passages in lateral directions.
Some features characteristic for hypogene caves, for instance cupola-like solution pockets and ceiling half-tubes, are
also common in epigene caves formed in the phreatic zone of
unconfined aquifers. In this zone, the water flowing through
a passage under the pressure of the hydraulic head is locally
confined by the consolidated rock even though the aquifer is
unconfined, and so dissolution attack occurs in any direction,
including the ceiling. Initial heterogeneities in the ceiling, such
as fractures, give rise to the formation of solution pockets.
The difference between cupolas formed in epigene phreatic
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passages and those formed in hypogene settings is that the
former almost invariably have a guiding fracture at the apex,
but the latter commonly form by buoyant dissolution in natural convection cells, independent of any structural guidance at
the ceiling level.
Ceiling half-tubes and sculptured rock protrusions (pendants) between them are also the common features of epigene
caves affected by paragenesis (i.e. upward-pointed dissolution
attack by flow concentrated beneath the ceiling due to sediment filling most of the conduit cross-section) (Renault, 1968;
Lauritzen and Lundberg, 2000; Farrant and Smart, 2010).
Paragenesis is commonly the result of climatic changes and respective fluctuations of the water table and variations of phases of sediment accumulation/erosion. Paragenetic features are
often difficult to discriminate from similar features formed by
buoyant dissolution in hypogene conditions. Moreover, paragenesis can occur during the late stage of the development of
hypogene caves, when transition from confined to unconfined
conditions occurs. This stage is sometimes accompanied by
massive sediment accumulation in hypogene caves, which
concentrates continued rising flow into the upper portions of
the passage cross-sections.
Specific to hypogene speleogenesis is, however, that different morphs from the above list commonly occur in spatially
and functionally related groups where fluid flow paths, including distinct buoyant convection components, can be traced
from rising inlet conduits, through transitional wall and ceiling
channels, to outlet features (cupolas and domepits). Klimchouk (2007, 2009) distinquished this regular combination as
the morphologic suite of rising flow (MSRF).
Among elementary morphs in MSRF, inlet features (termed
feeders, vents, or risers in recent publications) are the most
indicative of recharge from below, and hence of the hypogene
origin for a cave. Original feeders are basal input points to
hypogenic cave systems, the lowermost components, vertical or sub-vertical conduits (often rift-like), through which
fluids rise from the source below. The vertical extension of
feeders can be a few meters, such as in the gypsum mazes in
the western Ukraine fed by a basal artesian aquifer, but they
can rise through several hundred meters of rocks, as observed in mines intercepting feeder conduits below currently
shallow-lying, relict, multi-storey maze caves in dolomites of
the Neoproterosoic Vazante Group, Minas Gerais, Brazil. In
multi-storey cave systems, different storeys often have limited
connections through sub-vertical conduits, which serve as outlets (chimneys or domepits) from the perspective of the lower
storey, and feeders for the upper storey.
MSRF provides strong diagnostic evidence for hypogene
speleogenesis because it clearly demonstrates the functional
organization of the morphology which reflects the rising flow.
Similar functional organization (input from below/throughput/output upward) is often discernable at the scale of cave
patterns (Klimchouk et al., 2016). During the last decade,
MSRF has been recognized in hundreds of hypogene caves
across the globe.
Where the water table is established in a given level within a
formerly confined hypogenic cave system, significant lateral widening and merging of passages into large chambers
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may occur, with characteristic speleogens such as horizontal
notches and corrosion tables. This is typical for caves in
evaporites and limestones subjected to back-flooding from a
nearby river, and for limestone caves where deep recharge by
sulfidic deep waters continues during the unconfined development. In the latter case, corrosion tables and deep horizontal
notches can develop at the water table due to strong sulfuric
acid dissolution. Above sulfidic and/or thermal water lakes,
distinct upward-oriented morphological effects of subaerial
dissolution (“condensation corrosion”) may develop, generally
inheriting and enhancing the pattern of the wall and ceiling
morphs established within MSRF. These effects, however, are
restricted to the zone up to several meters above the water
table, whereas in composite 3D systems the elements of the
MSRF are systematically distributed through various storeys in
large vertical ranges (up to several hundred meters).

Distribution and Localization of
Hypogene Speleogenesis
Hypogene speleogenesis occurs in various tectonic and geological/hydrogeological conditions and in rocks of different
compositions (all kinds of carbonate rocks, gypsum, conglomerates, sandstones, and quartzites) and ages (from Proterozoic
to Pleistocene). Its distribution is not limited to continents;
evidence is growing rapidly that hypogene karstification occurs
in the seafloor, especially in regions of active plate boundaries
and hot spots (e.g. Michaud et al., 2005; Betzler et al., 2011;
Chen et al., 2015). The depth limit for hypogene speleogenesis
is difficult to establish, but available evidence suggest that it
occurs within at least several kilometers.
Hypogene speleogenesis localizes where ascending flow and
disequilibrium conditions causing dissolution were supported,
continuously or intermittedly, during a sufficiently long time,
mainly in zones of discharge and/or interaction of groundwater (fluid) flow systems and regimes of different nature,
depth and scales. The localization is controlled mainly by the
particularities of the regional hydrogeological and tectonic
structure and of geodynamic and geomorphic evolution. The
“transverse” character of hypogene speleogenesis determines
that in both the regional and local scales its distribution is
commonly clustered.
The association of hypogene speleogenesis with upward
flow suggests the possibility of predicting its localization
at the large scale, based on regional (paleo)hydrogeological
analysis (Klimchouk, 2013a, b). This possibility is particularly
feasible for meteoric (gravitational) flow systems in large sedimentary/artesian basins in cratonic settings, where the pattern
of groundwater circulation in the zone of exogenous influence is largely systematic, determined mainly by the basin’s
configuration and topography, hydrostratigraphy and major
tectonic disruptions (Shestopalov, 1981, 1988, 1989; Toth,
1995, 2009; Vsevolozhskiy, 1983, 2007). It is less regular in the
deep parts of basins dominated by the endogenous regime,
where the areas of upward flow are strongly controlled by
cross-formational fluid-conducting structures.
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In the zone of exogenous influence of mature artesian
basins of the cratonic type, the upward flow and hypogene
speleogenesis tend to localize in the following areas (Klimchouk, 2013b, 2013c):
1. marginal discharge areas;
2. large-scale topographic lows within the internal basin area;
3. crests of anticlinal folds or uplifted tectonic blocks within
the internal basin area where the upper regionally extensive
aquitard is thinned or partially breached;
4. linear-local zones of deep-rooted cross-formational faults
conducting upward flow of the endogenous regimes across
the upper hydrodynamic zone.
Peculiar circulation patterns develop in large Cenozoic carbonate platforms (the Florida-type), side-open to the ocean,
where upward flow across stratified sequences in the coastal
parts, driven by both topography-induced head gradients and
density gradients, involves mixing with seawater. In Florida,
the seawater can be drawn into the platform along deep-seated
permeable horizons and rise in the platform interior due to
the geothermal heating (the Kohout’s scheme), interacting
with upper freshwater aquifers and inducing hypogene speleogenesis (Klimchouk, 2013b).
In young basins where the endogenous regimes dominate,
hypogene speleogenesis is favored at marginal discharge areas
where circulation systems of different origins and regimes may
interact. An instructive example is the region of the Buda Hills
in Hungary, where meteoric systems circulating from adjacent
uplifted massifs, basinal fluids expelled from the basin’s interiors, and endogenous fluids rising along deep-rooted faults,
interact in the zone of junction of the Transdanubian Range
and the Tisza Basin, along the Danube valley (Eross et al.,
2011; Poros et al., 2011; Szony and Toth, 2015).
The predictability of the distribution of areas of upward
flow in tectonically deformed and mountainous regions is significantly lesser than in large basins and platforms because of
the complexity and variability of geological and structural conditions, relief, and a geodynamic history in such regions. Massifs in tectonically deformed regions are characterized by the
dominance of fracture-vein groundwater systems, although
sequences of the upper structural storey often host stratiform
aquifer systems. Upward flow and hypogene speleogenesis are
strongly controlled by faults, especially by those at junctions
between large tectonic structures and boundaries between
structural storeys, and by the geodynamic evolution. Specific
and very favorable settings for hypogene speleogenesis are
found in regions of young volcanism and hydrothermal activity; good examples are the Zacaton System in the northeastern
Mexico (Gary and Sharp, 2006), the Konya Basin in Central
Anatolia, Turkey (Bayari et al., 2009), the Kavminvody and
Kabardino-Balkariya regions in the North Caucasus in Russia,
and the Mount Gambier area in southeastern Australia (Webb,
Grimes and Lewis, 2010).
The above brief overview of hydrogeological/tectonic
settings favorable for hypogene speleogenesis is not inclusive.
Further efforts on generalizing available knowledge about
occurrences of hypogene karst in the regional and global
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scales are necessary in order to develop a more comprehensive
classification.

Discerning Hypogene Origin of Caves
The refined definition of hypogene speleogenesis given
above provides a clear clue for its identification by referring
to the main property (rising flow from hydrostratigraphically
lower units), which is recognizable in a number of ways. The
discussions in other sections further clarify various characteristics and conditions of the phenomenon that are helpful for its
identification.
The central methodology in discerning hypogene origin
of caves is the speleomorphogenetic analysis (i.e. the analysis of cave patterns and meso-forms aiming at explaining
mechanisms and controls of their formation). This implies
revealing the mode, controls, patterns and parameters of the
cave-forming fluid flow. Speleomorphogenetic analysis allows
reconstructing the functional organization of the cave, which
is the core part of the speleogenetic model (Klimchouk et al.,
2016). The notion of the functional organization of a cave
(Klimchouk et al., 2015) implies characterization of its overall
layout (pattern), and the arrangement/interrelationship of its
genetically-specific, meso-scale components (speleomorphs)
from the perspective of hydrogeological functions that these
speleomorphs performed in the parent flow system during
their origin, evolution, and integration within the cave system.
The relationships between speleomorphs and speleogenetic
agents (fluids with their attributes) have been established,
although not always unequivocally, from generalizations (e.g.
Bögli, 1980; Ford and Williams, 1989, 2007; Klimchouk et
al., 2000, 2007; Lauritzen and Lundberg, 2000; Palmer, 2007)
based on vast field observations, as well as on physical and
numerical models. Although some ambiguity often arises from
isomorphism and overprinting due to the sequential operation of different agents during various stages of the cave
evolution, it can be reduced or eliminated by using cross-path
evidence and calibration of inferred agents and conditions by
other methods (e.g. dating, geochemistry, mineralogy, petrography, etc.). Hypogene caves are commonly characterized
by expressed morphological singularities, discussed above,
particularly by the presence of MSRF, which allows confident
interference about rising cave-forming flows in most cases.
Very important for identifying hypogene origin of caves are
studies of mineralogy and elemental and isotope geochemistry
of speleothems, vein fills and host rock matrix, which allow
shedding light on a fluid history and sources of fluids. The
records from secondary cave deposits, however, are commonly indicative of conditions not of the principal stage of
speleogenesis, but of subsequent stages. Nevertheless, these
later stages can be still hypogenic. Fluids acting during various stages of hypogene speleogenesis can leave isotopic and
elemental geochemical traces of interaction with the host
rock, preserved as alteration halos around hypogene conduits
(Dublyansky et al., 2014; Spötl and Dublyansky, 2014).
A promising method is looking at noble gas contents in
the groundwater in areas of supposed hypogene karst. These
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data can be indicative of continued fluid contribution from
deep sources, and hence of the presence of deep-rooted
cross-formational fluid flow pathways in the area. This was
demonstrated by Bayari et al. (2014) for three different regions
of hypogene karst in the Taurids range of Turkey, where the
noble gas data suggest an apparent contribution from the
lower crust and the mantle.
Clayey sediments in hypogene caves may form as a residual
product of the host rock dissolution, but most of them accumulate during the late stages of the hypogene development,
especially during the transition from confined to unconfined
conditions. Studies of clay sediments can provide information
about hydrodynamic conditions of these stages. They may
contain minerals indicative of certain peculiar geochemical environments, but most importantly, some of the minerals, such
as illite and alunite, can be dated using the K-Ar or 40Ar/39Ar
method, thus providing upper constrains on the timing of
speleogenesis (Osborne et al., 2006). As the age of hypogene
speleogenesis can go far beyond the limits of the most dating
methods commonly used in speleogenetic studies (such as
U/Th-dating of speleothems), the above possibility is very
important. The established oldest hypogene caves so far are
Jenolan Caves in the Late Silurian limestones in southeastern
Australia, where unlithified clay deposits yielded Early Carboniferous K-Ar ages at 340 Ma (Osborne et al., 2006).
Other research directions, potentially helpful in discerning
hypogene origin of caves, are cave biology and geomicrobiology. It was demonstrated that faunistic (Sendra et al., 2014) and
microbiological (Boston et al., 2009) composition of hypogene
caves can be quite peculiar, which can be used for constraining
the origin of caves.
Comprehensive speleogenetic analysis, based mainly on
speleomorphogenetic studies and studies of cave sediments
and speleothems, establishes characterization and sequence
of speleogenetic phases with differing hydrodynamic and
geochemical conditions. It should include the analysis of local
and regional geological, hydrogeological and geomorphological data in order to coordinate the speleogenetic history per
se with the regional geological history, and to constrain timing
of the major speleogenetic phases. In case of hypogene karst,
it is particularly important to consider a broad tectonic/geodynamic background to decipher the overall organization and
evolution of groundwater/fluid flow systems and understand
their specific speleogenetic roles.
A truly multidisciplinary approach is needed to reveal the
hypogene origin of caves, unravel their speleogenetic history,
and coordinate the latter with the regional geologic, tectonic,
geodynamic, geomorphologic and hydrogeologic evolution.
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Abstract

ric acid. The primary topic of this chapter is a model explaining how these hypogenic, sulfidic caves may have originated.
Only a few caves are known within the largely dolomitic
Capitan Reef complex of the Apache and Glass Mountains,
west Texas (Fig. 1), and from these mountains only one cave,
400 Foot Cave of the Glass Mountains shows evidence of
being hypogene. Its origin is treated in an addendum. Nonsulfidic, hypogenic karst associated with the buried Capitan
reef complex (along the western margin of the Central Basin
Platform) is considered in an accompanying chapter.
The Guadalupe Mountains are located chiefly within New
Mexico, but a triangular area, ~16 km on a side, the Southern
Guadalupe Mountains, occurs in Texas (Fig. 1). Here, Guadalupe Peak (2,667 m) and the majestic prominence El Capitan
soar, and there are “numerous caves” (King, 1948) of uncertain origin. Five of the caves contain abundant Pleistocene
vertebrate remains (Elliott and Veni, 1994, p. 60-61 and 64-65,
and references therein). The caves of the Southern Guadalupe
Mountains, Texas, do not compare in size or grandeur to the
great hypogenic, sulfidic caves of the Northern Guadalupe
Mountains, New Mexico, where there are more than 30 major
caves (Ford and Williams, 2007) all of which are relic. Geologic activity in
the Southern
Guadalupe
Mountains,
however, as we
will discuss, may
have played a
limited, but important, role in
speleogenesis of
the major caves
in the Northern Guadalupe
Mountains.
A northeasterly trending
belt about 6 km
wide and ~40
Figure 1. Geographic relationship of the Guadalupe Mountains to the Delaware Basin and to
km long in the
mountain ranges along the margin of the basin
Northern Gua(after Harris and Grover, 1989, their fig. 1).
dalupe Moun-

Throughout the Mesozoic and Early Cenozoic, virtually
uneroded Upper Permian Castile evaporites (~0.5 km thick)
filled the Delaware Basin to the top of the Capitan Reef
(Middle Permian). In the late Miocene, tectonism tilted the
basin and the northwest shelf 1-2° eastward. Artesian groundwater flowed into the basin and rose along fractures into the
buried Castile, dissolving mainly halite. As the aqueous solvent
increased in density, it sank, and was replaced by the freshest,
least dense, most solutionally aggressive groundwater available, resulting in dissolution of yet more halite. Linear caverns
consequently grew hypogenically up-dip within halite directly
beneath thick beds of anhydrite until terminating at the laterally juxtaposed reef and forereef.
Newly generated, thermogenic CH4 also ascended into the
Castile, reacted with SO42-, and generated millions of tons of
CO2 and H2S. Aqueous CO2 reacted immediately with Ca2+
forming scattered, subsurface masses of porous limestone.
Brine under hydraulic pressure transported dissolved H2S
through the upward trending caverns, through fractures into
the reef, and into small paleo-cave pools.
H2S evolved from the pools into the atmosphere of caves.
O2 infiltrated the vadose zone when erosion stripped Salado
evaporites (Upper Permian) off the highest part of the reef
complex and also migrated into the atmosphere of caves. H2O
evaporated from the warm cave pools, and drops condensed
on cool cave ceilings. The drops absorbed gaseous H2S and
O2, which reacted to form H2SO4. Drops of acid then rained
unremittingly onto cave pools forming a thin (centimeters)
layer that floated on brine. The persistently restored acidic
layer laterally dissolved carbonate wall rock. As tectonism
episodically elevated the reef complex above the groundwater
table, voids became integrated into large hypogenic caves.

Introduction
Caves are common within the Middle Permian Capitan Reef
complex of the Guadalupe Mountains of Texas and New
Mexico (Figs. 1 and 2). Furthermore, many of the caves, as we
will show, are clearly hypogene having formed deep beneath
the earth’s surface by the powerful cave-forming agent, sulfu-
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Figure 2. Guadalupe Mountains, Texas and New Mexico, showing
the Capitan Reef Escarpment and the area in which most major caves
have been found (the “cave belt,” shaded gray) (map of mountains
after King, 1948).

Figure 3. Major caves within the cave belt (area shaded in gray) and
location of McKittrick Hill Caves (after Palmer and Palmer, 2000).

tains is where most of the large caves have been found (Figs.
2 and 3), the major exception being the McKittrick Hill caves
(Fig. 3). The cave belt begins a few kilometers northeast of the
Texas-New Mexico state line and is bound to the southeast
by the Capitan Reef escarpment. The belt contains two caves
renown throughout the world: Carlsbad Cavern (315 m deep
and ~50 km long), and, 5.5 km west, Lechuguilla Cave (490
m deep and ~223 km long) (Fig. 3). Discovered in May 1986,
Lechuguilla Cave is widely acclaimed as being among the most
beautiful of caves.
Hypotheses explaining the origin of the caves of the Northern Guadalupe Mountains have not escaped controversy. Disagreements, however, have motivated collection of new data
and have resulted in new ideas, which, in turn, have resulted
in a progression of speleogenetic theories. Carlsbad Cavern,
for example, has evolved though, at least, five hypothesized
origins (see Hill, 1987, p. 11; Jagnow et al., 2000). Our objective is to outline yet another genetic hypothesis. The eclectic
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model, less several significant additions, has been described
in greater detail elsewhere (Kirkland, 2014). Its formulation
has depended heavily on the vast amount of data collected
over many decades by geologists and speleologists, and on the
reasoning used by previous modelers.
The genetic model is submitted here as a series of related
postulations, proposed, in part, to help design future investigations. Critical data in the study area are commonly sparse,
but the proposals put forth are consistent with the available
observational and experimental data. We have presented our
hypotheses rather dogmatically without an abundance of
qualifications; however, we intend for them to be questioned,
challenged, and, where necessary, vanquished. Our emphasis
is on regional conditions for speleogenesis, and our primary
purposes are: 1) to encourage additional regional investigations of these extraordinary caves, and 2) to move the genetic
understanding of the caves forward, if by no more than a bit.
In all likelihood, the process by which the relic caves of the
Northern Guadalupe Mountains were formed was similar to
that of speleogenesis by sulfuric acid within actively forming caves in Mexico and Italy (e.g. Egemeier, 1971; Galdenzi
and Menichetti, 1995; Hose et al., 2000; Engel et al., 2004;
Hose and Macalady, 2006; Palmer, 2006). For the caves of the
Guadalupe Mountains, principal questions we have attempted
to answer are: What were the origins of the precursors of
sulfuric acid, namely, hydrogen sulfide and oxygen? What
were the mechanisms by which these substances moved into
the growing caves? And, what were the mechanisms of cave
formation by their reaction product, sulfuric acid?
We begin by establishing that major caves of the Guadalupe
Mountains are, indeed, hypogene. We then present a semihistorical account of how these hypogenic caves may have
formed beginning with forerunner geologic events in Permian time followed by relevant geologic events about a quarter
of a billion years later in Miocene and Pliocene time when
the caverns were forming. We have focused on the hypogenic
solutional morphology of the caves rather than on their
epigenic, calcitic, vadose speleothems, which formed mostly in
the Pleistocene (Ford and Hill, 1989).

Hypogenic Characteristics of the Caves
The primary characteristic of a hypogenic cave is a lack of
genetic relationship with groundwater recharge from an overlying or from a directly adjacent surface (Klimchouk, 2007, p.
1). Major caves in the Guadalupe Mountains clearly conform
to this characteristic. Unlike most caves, they were not “fed by
discrete inputs through sinkholes and sinking streams” (Palmer, 2006). Most caves of the mountains have only a single
entrance (Palmer and Palmer, 2000) “high in spurs or walls of
ravines” (Bretz, 1949). Entrances are often on crests or flanks
of broad anticlines (Hill, 1999, p. 278) that drape over buried,
syndepositional faults (Koša and Hunt, 2006a, b). Lechuguilla
Cave, for example, has only a single, small entrance located
on a gently dipping anticlinal flank (Jagnow, 1989). Such
sparse, random entrances could not have provided significant
recharge for speleogenesis (Hill, 1996, p. 279), and no ancient
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recharge points have been recognized (Palmer et al., 1977).
The cave openings are apparently accidental breaches produced during Quaternary erosion.
Other characteristics of the caves fit criteria consistent with
a hypogenic origin. Some rooms are deceptively immense: the
Big Room of Carlsbad Cavern, for example, is 600 m long,
330 m wide, and a maximum of 87 m high (Hill, 1987, p.
22). Such large rooms are absent within most epigenic caves.
Rooms and passages end abruptly without breakdown or
major passage extensions (e.g. Hill, 1987, p. 22; Cunningham
and Takahashi, 1992). The caves “typically have ramifying
patterns of irregular rooms and mazes with passages branching outward from them at various levels” (Palmer et al., 2009).
In addition, passages have abrupt and large-scale changes in
cross-sectional area, some are steeply ascending while others are semi-horizontal, and roofs are irregular and vaulted
(Palmer and Palmer, 2000; Palmer, 2006). The morphology of
the major caves of the Guadalupe Mountains is clearly unlike
that of epigenic caves in which carbonic acid was the solutionally aggressive agent.
Furthermore, unlike typical epigenic caves in limestone,
many caves of the Guadalupe Mountains contain exotic
minerals (e.g. Hill and Forti, 1986; Hill, 1987; Polyak and
Provencio, 2001, their table 1); those in greatest mass being
native sulfur and gypsum. Three caves contain native sulfur;
multi-ton deposits within Lechuguilla Cave contain more sulfur than within all other known caves of the world combined
(Cunningham et al., 1993; Davis, 2000). Fifteen caves contain
gypsum (Hill, 1987, p. 43). Lechuguilla Cave, in particular,
contains tremendous quantities (thousands of tons) of gypsum (Cunningham et al., 1993; Davis, 2000) including massive
deposits that fill passages (Spirakis and Cunningham, 1992).
Blocks of gypsum up to 7.5 m high in Carlsbad Cavern lie in
protected alcoves
or under overhanging ceilings (Black,
1954). One block extends for more than
1,000 m (Palmer et
al., 1977). A tremendous amount of
extant cave gypsum
remains, yet much
appears to have
been dissolved by
Quaternary seepage
of meteoric water
(see Hill, 1987, her
figs. 44-48; Palmer
and Palmer, 2000;
Palmer, 2006). From
Carlsbad Cavern,
Figure 4. Relative time scale, Permian
for example, an estithrough Quaternary, for the Guadalupe
mated
60 percent of
Mountains and northwestern Delaware
the
original
volume
Basin; the caves occur within Middle
of gypsum has been
Permian carbonate rocks (shaded dark
gray), but they formed in the late Miocene removed (Black,
1954).
and early Pliocene (shaded light gray).
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Sulfur isotopic values for the blocky cave gypsum and for
the native sulfur support a hypogenic origin. Samples of both
minerals are isotopically very light: δ34S values for gypsum
range from -13.9‰ to -25.6‰ (n=12) (Kirkland, 1982; Hill,
1987, p. 62) and those for native sulfur range from -14.6‰
to -26.6‰ (n=5) (Spirakis and Cunningham, 1992). The only
reasonable explanation for these data is that microbially generated hydrogen sulfide was a precursor of both the gypsum and
the sulfur (e.g. Kirkland, 1982, 2014, p. 11; Hill, 1987, 2006).
The hydrogen sulfide underwent partial oxidation to produce
native sulfur, and it underwent complete oxidation to produce
aqueous sulfuric acid, which, in turn, dissolved limestone or
dolomite, or both, to form gypsum and carbon dioxide. An
epigenic process could neither have introduced the aqueous
hydrogen sulfide nor could it have resulted in deposition of
native sulfur or formation of sulfuric acid.

Setting the Stage for Speleogenesis
Caves of the Guadalupe Mountains formed during the late
Cenozoic, but the groundwork for speleogenetic activity was
established during the late Paleozoic ~265-250 Ma ago (within
the Middle and Late Permian) (Fig. 4). A requisite for understanding late Cenozoic speleogenesis in the mountains is a
basic understanding of the preliminary Permian events. They
occurred on the western side of the supercontinent Pangea
within and surrounding a seemingly inconsequential bay about
the size of Lake Erie. (In the following three sections, paragraphs italicized and enclosed by parentheses pertain not to
geologic history, but to present-day conditions.)
Middle Permian: Origin of the Capitan Reef Complex
During late Middle Permian time, ~265-260 Ma ago, the
embayment extended into Pangea from the ancient Panthalassic Ocean. The bay was expansive (~26,000 km2), was virtually
on the equator (Lawver et al., 1999, p. 35), and was aerially
coincident with the Delaware Basin—a major Permian structural feature of rapid subsidence (Fig. 5). Along the ~600-km
margin of the
embayment,
warm, nutrientrich seawater supported abundant
microbial and
invertebrate life
(Girty, 1908; Newell et al., 1953;
DuChene, 2000).
A barrier reef
grew luxuriantly. It
had a framework
of bryozoans and
calcified sponges,
strengthened
by lithified lime
Figure 5. Late Middle Permian paleogeogramud of microbial phy as it existed shortly before beginning of
origin (Kirkland
Castile evaporitic deposition.
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et al., 1999; Wood, 1999) and locally by abundant submarine
cement (e.g. Melim and Scholle, 1992). Over several million
years, the reef, in particular, shed abundant carbonate debris
into its forereef (from huge meter-sized limestone blocks to
lime muds). The forereef debris contributed greatly to the
depositional architecture of the basin margin transforming the
low-angle ramp into a steeply dipping shelf-margin front.
In the vicinity of where the Guadalupe Mountains now
lie, the reef grew above its forereef talus outward into the
deep (~550 m) bay by up to 5 km and upward above the talus
by 150-200 m (Newell et al., 1953, p. 190; Hunt et al., 2003,
and references therein). Here, except for halos adjacent to
fractures, the tight fabric of the calcitic barrier reef resulting
from the pervasive submarine cement prevented subsequent
dolomitization (Melim and Scholle, 1992).
Large fractures, which paralleled the reef front, formed during growth of the massive reef as the forereef-talus apron and
the underlying siliciclastics compacted (e.g. Hunt, 2002; Frost
et al., 2012). Some of these steep fractures (most with dips >
80°) formed narrow “paleocaverns,” which were subsequently
filled during Middle Permian time with either platform-derived
siliciclastic sediments (lowstands) or platform-derived carbonate sediments (highstands) (Koša and Hunt, 2006a and b).
The Middle Permian syndepositional fracture networks were
reactivated during Miocene deformations and were used as
migration pathways for fluids (e.g. Budd et al., 2013).
Directly landward of the reef, and merging into it, calcitic mud, calcitic sand, and, less commonly, fine quartz and
feldspar sand accumulated within shallow elongated lagoons.
Farther landward by several kilometers, time-equivalent strata
of gypsum, halite, and siliciclastic sand and silt accumulated.
(The present-day, fossil reef has been designated the “Capitan Formation” (Fig. 6). In the Guadalupe Mountains, its Massive Member (the
paleo-reef) is calcitic and ~120 m thick, and its Breccia Member (the
paleo-forereef) is mainly dolomitic and ~380 m thick (Hayes, 1964). A
network of permeable fractures parallel to the Capitan
escarpment, which
we consider further
in following sections,
occurs within the
Middle Permian
Massive Member
of the Guadalupe
Mountains (Koša
and Hunt, 2006a
and b). Coeval, shelfal formations extend
from the paleo-reef
into a northwestern highland. In
ascending order, the
near-reef Middle
Figure 6. Stratigraphic chart of Middle and
Permian formations
Upper Permian stratigraphic units, Guadaare the Seven Rivers
lupe Mountains, New Mexico and Texas;
(dolomite), Yates
units shaded in gray played pivotal roles in
(dolomite, siltstone,
cave formation.
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and sandstone) and Tansill (dolomite) (Fig. 6); together with the Capitan
Formation, these stratigraphic units constitute the “Capitan Reef
complex.” To the northwest by 10 to 20 km, the shelfal formations are
represented by correlative evaporites and redbeds (Sheldon, 1954)).
Within the deep bay during Middle Permian time, sporadic
tongues of calcareous sediment extended from the forereef.
Additionally, very fine- to medium-grained quartz and feldspar
siliciclastics accumulated intermittently. The sandstone was
deposited primarily by density flow during lowstands (e.g.
Meissner, 1972), and the siltstone, by suspension (Payne,
1976) and/or by wind (see Anderson et al., 1972, their fig.
9; Fischer and Sarnthein, 1988). Near the end of the Middle
Permian, elongate, submarine, sand-filled channels (maximum
width, 8 km; maximum length, 70 km) were incised into the
fine- to very fine-grained siliciclastic sediments (Bell Canyon)
(Williamson, 1977). The youngest Middle Permian basinal
siliciclastic sediments, the youngest Capitan reefal sediments,
and the youngest Tansill calcareous shelfal sediments were
deposited virtually contemporaneously (Wilde et al., 1999, and
references therein).
(The present-day, uppermost Middle Permian (Guadalupian) unit,
the Bell Canyon Formation (Fig. 6), in the northwestern Delaware
Basin (more precisely, the “former Delaware Basin”) consists mainly of
sandstone and siltstone, with five intermittent, dominantly calcitic tongues
that extend from the Capitan Breccia Member (the uppermost tongue being the Lamar Limestone Member). Sandstone channels within the upper
Bell Canyon Formation extend for tens of kilometers to the northeast
(Williamson, 1977)).
At the very end of the Middle Permian, ~260 million years
ago, sea level fell and seawater withdrew from the shelf (Garber et al., 1989). The Hovey Channel, the straight between the
bay and the ocean (Fig. 5), became narrower and shallower
(Forney, 1975; Ross and Ross, 1987). More salts eventually entered than left, the salinity of the embayed seawater increased,
and by a salinity
of ~10%, most
biota of the bay
and the remnant
fringing reef had
perished.
On either flank
of the Hovey
Channel, however, abundant
life persisted in
marine water of
non-lethal salinity,
and each of the
Figure 7. Early Late Permian paleogeography
marginal reef
during Castile evaporitic deposition; marine
fronts actively
groundwater was supplied to the lagoon
prograded above
through the reef barrier.
forereef detritus
toward the opposite flank. With their linking, the channel
closed. The Middle Permian open-marine embayment became
the Late Permian enclosed evaporitic lagoon (the Castile
lagoon) (Lucia, 1972; Kendall and Harwood, 1989; Anderson,
1993; Anderson and Dean, 1995; Leslie et al., 1996; Kirkland
et al., 2000; Kirkland, 2003) (Fig. 7).
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Early Late Permian: Filling of the Castile Lagoon with
Evaporites
Marine groundwater entered the Castile lagoon through
both porous fore-reef detritus that choked the channel and
through open syndepositional fractures trending normal to
the lagoonal shoreline (Kirkland, 2003). The marine groundwater supplied salts for evaporitic sedimentation and water for
replacing both that which evaporated and that which seeped
from the lagoon. The low-lying region surrounding the lagoon
failed to support orographic rainfall, and strong, exceedingly
dry, trans-equatorial winds absorbed copious amounts of
moisture (Robinson, 1971; Kutzbach and Gallimore, 1989;
Kutzbach and Ziegler, 1994). An extremely arid, equatorial
desert resulted that surrounded the Castile lagoon, the waters
of which evaporated at > 2.0 m per year (Kirkland et al.,
2000).
The deep Castile lagoon rapidly and persistently filled with
a thick section (hundreds of meters) of halite, gypsum, and
aragonite. With burial, the gypsum was diagenetically replaced
by anhydrite; and the aragonite, by calcite. The evaporitic
beds and laminae displayed remarkable lateral (cross-basin)
persistence, and every vertical lithologic change represented
a particular instant of geologic time (Anderson et al., 1972;
Kirkland, 2003).
The Castile evaporitic sediments filled the deep-water
lagoon to its crest within a span of ~200,000 years (based
primarily on meticulous varve counts) (Anderson et al., 1972;
Anderson, 1982). At the same time in the vicinity of the present Guadalupe Mountains, the Capitan Reef and the Tansill
carbonate shelfal strata were emergent and were experiencing
karstification (King, 1942, p. 759; Oriel et al. 1967; Melim and
Scholle, 1989; Noé, 1996). Moreover, during this Late Permian
episode of emergence, and during previous intermittent episodes of Middle Permian shelfal emergence (Koša and Hunt,
2006a and b), dissolution may have enlarged some sections of
the nearly vertical syndepositional faults and fractures within
the Capitan reefal rocks.
(The present-day Castile Formation has a maximum thickness of
0.5-0.6 km (e.g. King, 1948, p. 89), and before late Cenozoic erosion it
consisted of ~60% anhydrite, ~30% halite, and ~10% calcite (Hayes,
1958). Where uneroded, it consists of four thick (tens of meters) successions of calcite-laminated anhydrite and three interstratified thick (tens
of meters) successions of calcite- and anhydrite-laminated
halite (Fig. 8). “Walther’s
Law” does not apply to these
successions (Kendall, 1988;
Warren, 2006, p. 335;
Kirkland, 2003); and almost
all Castile evaporitic beds,
whether millimeter-thick laminae or centimeter- to meterthick beds, and whether halite,
Figure 8. Members of the Upper
Permian Castile Formation; thickness anhydrite, or calcite, extend
values are estimates based on present- (or extended) throughout, at
least, the northern Delaware
day values that vary throughout the
Basin (e.g. Kirkland, 2003).)
basin because of, in particular, postmiddle Miocene dissolution.
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Later Late Permian: Entombment of Castile Evaporites,
Capitan Reef Complex, and Middle Permian Shelfal
Strata by Salado Halite
The great mass (~10,000 km3; ~2.7 g/cm3) of rapidly
deposited Castile evaporites isostatically helped to depress the
crust (Kirkland, 2014, p. 28). A huge area subsided (> 150,000
km2) that extended well beyond the confines of the dead reef
(Fig. 9) (e.g. Lowenstein, 1988). The depression was filled with
shallow-water Salado evaporitic sediments having markedly
different lithologic characteristics than those of the directly
underlying deep-water Castile evaporites. Within a few million
years, with much time represented by non-deposition, a thick
section (hundreds of meters) of Salado halite, lesser gypsum,
minor potash salts, and minor fine-grained siliciclastics accumulated within shallow-marine inundations and ephemeral
saltpan settings (e.g. Lowenstein, 1988; Hovorka, 2000).
Salado evaporitic strata, probably
younger Permian
sediments (Rustler
and Quartermaster), and possibly an
attenuated section
of Upper Triassic siliciclastic and
Figure 9. Approximate to inferred paLower Cretaceous
carbonate sediments leogeography of Upper Permian Salado
Formation (dashed line) and subcrop limit
buried the basinal
of underlying Castile Formation (after
Castile evaporitic
Kirkland, 2014).
strata, the marginal
Capitan reefal carbonates, the shelfal Tansill carbonates, and
other shelfal strata (King, 1948, p. 91; Crysdale, 1987; Garber
et al., 1989; Ulmer-Scholle et al., 1993) (Fig. 10). In the area of
the Guadalupe Mountain front, a thick anhydrite bed in the
lower Salado was deposited directly above the dead reef and
on the outer shelf, at least, directly above the Tansill (Lang,
1942; Hovorka et al., 2007).
(The present-day Salado Formation (Fig. 6) has a maximum thickness of ~0.8 km in the Delaware Basin (Jones, 1954) and ~0.3 km
on the adjoining shelf (King, 1948). The thinner section on the shelf is

Figure 10. Diagrammatic northwest-southeast cross section through
the Capitan Reef and forereef in the vicinity of the present-day cave
belt just before the beginning of tilting of the Guadalupe tectonic
block; the diagram shows the relationship of the laterally juxtaposed
Castile and the directly overlying Salado, Rustler, and Quartermaster
formations (in ascending order) to the Capitan Formation and to associated shelfal units (modified after Melim and Scholle, 1999).
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due to dissolution and/or a reduction in rate of subsidence compared to
that in the basin. Before Late Cenozoic erosion, the Salado consisted of
~85% halite, ~12% anhydrite, and ~3% potassium-magnesium salts
and fine-grained siliciclastics (Moore, 1960; Kelley, 1971, p. 24; Hill,
1996, p. 132). Where not removed by erosion, dolomite, anhydrite, halite, and siltstone of the Upper Permian Rustler Formation (Fig. 6) lies
directly above Salado evaporites. The Rustler is directly overlain, by shale,
siltstone, and fine-grained sandstone of Upper Permian Quartermaster
Formation (Lucas and Anderson, 1993a) (Fig. 6). Additionally, in
some areas, the Quartermaster was covered by a thin stratigraphic section
of Triassic siliciclastics (Lucas and Anderson, 1993b) and/or Lower
Cretaceous carbonates and other lithologies (e.g. Hill, 1996, p. 146).
The relationship of the Castile and Salado formations to the Capitan
reef and forereef is shown in figure 10. Near Carlsbad, New Mexico,
the massive Fletcher Anhydrite Member of the lowermost Salado Formation directly overlies the Capitan and Tansill formations (Lang, 1942)).
Entombment of the deep-water evaporites (the Castile),
the reef complex (the Capitan), and the adjoining correlative
shelfal strata (the Tansill, Yates, and Seven Rivers) by Salado
evaporites and younger strata (chiefly Permian) lasted for approximately 250 Ma. Then, beginning late in Miocene time, the
stratigraphic cover, because of tectonic uplift, began to erode,
an erosional removal that continues today. The beginning
of speleogenesis in the paleo-Guadalupe Mountains, as we
will argue, coincides closely with initiation of removal of the
stratigraphic cover of predominantly Upper Permian Salado
evaporites.

Miocene-Pliocene Speleogenesis
Between the early Middle Permian and late Miocene, only
minor, sporadic speleogenesis occurred in what is now the
northwestern sector of the Capitan Reef complex (Hill, 1996,
p. 276-278). Then, for ~8 Ma during the late Miocene and
early Pliocene, the northwestern sector of the reef complex
experienced intense speleogenesis (Polyak et al., 1998; Polyak
and Provencio, 2000). Speleogenetic process consumed extraordinary amounts of hydrogen sulfide (Polyak and Provencio, 2001; Palmer, 2006), millions of metric tons having been
completely oxidized. To generate the quantity of sulfuric acid
required to dissolve enough limestone to form the Big Room
of Carlsbad Cavern, for example, required ≈ 2,750,000 metric
tons of hydrogen sulfide. The large volume of secondary
gypsum still remaining within the caves indirectly confirms the
enormous weight of hydrogen sulfide oxidized to sulfuric acid.
Within a few kilometers to several tens of kilometers into
the basin from the mountain front, late Miocene and early
Pliocene microbial loci within Castile anhydrite (and uncommonly within residual Salado anhydrite) generated extraordinarily large amounts (many millions of metric tons) of
hydrogen sulfide (a process we discuss in a following section).
When the hydrogen sulfide generated in the basin migrated
into the Capitan paleo-reef, cave formation began. Generation
and migration of the hydrogen sulfide was initiated by two
major overlapping events: 1) tilting of the Guadalupe tectonic
block, and 2) transient heating of the sedimentary section in
the western Delaware Basin and the northwestern shelf.
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Tilting of the Guadalupe Tectonic Block
Beginning early in the late Miocene, areas now represented
by the Guadalupe Mountains, the Delaware Mountains, the
Apache Mountains, and most of the area enclosed by the ancient Capitan Reef (the paleo-Delaware Basin) (Fig. 1) began
to tilt to the east in progressive steps as a unit (see Fig. 11).
The tectonic tilting ceased by the mid-Pliocene (DuChene and
Cunningham, 2006, and references therein), but its maximum
eastward slope and its configuration are widely preserved
today (Grauten, 1965, his fig. 2; Dean, 1967, his fig. 8; Hiss,
1975, his fig. 15; Matchus and Jones, 1984; McKnight, 1986,
his fig. 16; Hentz et al., 1989, their fig. 4) (Fig. 11). The resulting huge structure, referred to here as the “Guadalupe tectonic
block” (or simply the “tectonic block”) presently exhibits a
maximum 1-2° eastward dip (Hayes and Gale, 1957; Olive,
1957; Hentz et al., 1989; Hill, 1996, p. 219). Due to this expansive tectonic tilting, Permian and older strata within the Delaware Basin and Northwestern Shelf from the late Miocene to
the present formed a vast homocline that rises uniformly to
the west over thousands of square kilometers.
In the Guadalupe Mountains, syndepositional folding of
Middle Permian shelfal carbonates (e.g. Koša and Hunt,
2006a, b) disrupted the eastward homoclinal dips. In addition, Kelley (1972, his fig. 6) rather than showing persistent
easterly dips for shelfal strata shows persistent northeasterly
dips; the source of his data, however, is unclear. The modified
homoclinal dip of the Guadalupe Mountains presently extends
westward to the Algerita Escarpment (Fig. 2)—a long (tens
of kilometers), northwest-trending, precipitous escarpment
associated with normal faulting (the border fault zone of King
(1948)). During the late Miocene, before displacement along
this fault zone, the Guadalupe tectonic block extended further
to the west, it dipped eastward at lesser angles than at present,

Figure 11. Structure contour map on base of Castile Formation
showing the homocline that extends throughout much of Delaware
Basin (modified after Grauten, 1965). The homocline also extends
throughout Delaware, Apache, and Guadalupe Mountains (Fig. 1).
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but it rose to higher elevations (see Lindsay, 1998; DuChene
and Cunningham, 2006).
Radiometric Dating of the Tilting
Uplift of the Guadalupe tectonic block resulted from
tectonism along the Rio Grande Rift located several scores
of kilometers to the west (Seager and Morgan, 1979; Lueth
et al., 2005, their fig. 9). The great size of the tectonic block,
its structural characteristics, and its similarity to analogous
rift-related structures support this conclusion. Based on radiometric dating (40Ar/39Ar) of jarosite (a hydrous sulfate of
potassium and iron) from mines along the eastern margin of
the southern Rio Grande Rift, renewed activity along the rift
began 12 Ma ago with additional activity between 6.2-4.0 Ma
(Lueth et al., 2005). These dates support the probability that
uplift of the rift-related Guadalupe tectonic block began in the
late Miocene and extended into the early Pliocene (Fig. 4).
The tectonic history of the Guadalupe Mountains is also
revealed by radiometric (40Ar/39Ar) ages for cave alunite
(Palmer, 2006). Dating of alunite (a hydrated potassium aluminum sulfate) from five major caves of the mountains indicates
that intense pulses of speleogenesis (i.e. major episodes of
cave enlargement) occurred at 11 Ma and at 6-4 Ma (Polyak
et al., 1998; Polyak and Provencio, 2000). Such pulses were
dependent on episodes of major uplift of the Guadalupe
tectonic block (Polyak, 1998); thus the radiometric dates for
alunite, which coincide closely with those for jarosite (above),
confirm a late Miocene-early Pliocene age for uplift of the
Guadalupe tectonic block.
Artesian Flow from the Mountains into the Basin
Beginning with initiation of the late Miocene tilting, the
cover of thick Upper Permian and thin Mesozoic strata (both
of which were probably depositionally thinner to the west)
began to erode from the emerging ancestral Guadalupe Mountains. The mountains at this time were considerably more
extensive than at present (see DuChene and Cunningham,
2006). Erosion was most extreme in the highest mountain
areas where the amount and the intensity of precipitation and
weathering were greatest. Removal of the stratigraphic cover
by erosion probably generally progressed down the eastward
dipping homoclinal slope from west to east. (A pattern exhibited by Permian stratigraphic units today.) As the protective lithologic cover was stripped from the high mountains,
the first stratigraphic units to be uncovered were likely older
than Middle Permian, and water within local catchment areas
moved into exposed permeable strata. Under considerable
head and initially through pre-Middle Permian strata, artesian
groundwater moved down-dip. It moved from high surface
elevations in the ancestral Guadalupe Mountains into deep
subsurface strata at lower elevations in the adjoining Delaware
Basin (Lindsay, 1998; DuChene and Cunningham, 2006).
Early in the erosional episode, for example, groundwater may
have moved through Lower Permian shelf and shelf-margin
carbonate units and into downdip basinal sandstone units of
equivalent age (Montgomery, 1997).
Within the western Delaware Basin, some sporadic, preexisting steep fractures were reactivated by Miocene deforma-
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tions, but most steep fractures were probably new, having
formed during strain associated with uplift of the Guadalupe
tectonic block (e.g. Anderson, 1981) and during strain associated with crustal extension during a late Miocene phase of
Basin and Range deformation (e.g. Hentz and Henry, 1998).
Under substantial hydraulic pressure, and primarily through
connected micro-openings along the newly formed, steeply
dipping, bladed cracks, artesian groundwater within Lower
Permian and older strata was forced upward. It transversely
crossed Permian basinal strata and ephemerally occupied pore
space within upper Middle Permian (Bell Canyon) siliciclastics
(Fig. 6). Here, basin-wide Castile evaporitic beds (early Late
Permian) (Fig. 6) blocked upward flow of the artesian water.
This major lithologic barrier temporarily diverted the highpressured groundwater into porous (22-27%), weakly cemented, Bell Canyon sandstone-filled channels that extended
down a slight dip (<<1%) to the northeast (Williamson, 1980,
his fig. 7). On crossing the basin, the groundwater moved
into lower Middle Permian (San Andres) limestone (Fig. 6),
and ultimately discharged into paleo-streams in western Texas
(Hiss, 1975, 1980).
Hypogenic Caverns within Basal Castile Anhydrite
From beds of uppermost Bell Canyon sandstone, some
groundwater was forced (mainly by artesian pressure) to flow
upward. It moved through new fractures and new junctions
of joint sets into a thick (~50 m) bed of anhydrite in the
lower Castile Formation (the Anhydrite I Member) (Fig. 8).
The groundwater dissolved anhydrite, its density increased, it
sank, and less dense, fresher water rose in replacement. In the
western Delaware Basin, persistent free convection (convection in which fluid motion is generated by density differences) apparently formed >1,000 scattered hypogenic caverns
within the Anhydrite I Member. The caverns are analogous
to those within anhydrite of the lower Zechstein Formation
of Germany (Kempe, 1996, 2015). Gaseous methane eventually migrated into the Castile caverns, their stability decreased,
collapse ensued, and breccia chimneys commonly formed
that initially had a porosity equal to the volume of anhydrite
dissolved.
Heating Event and Generation of Methane
In the western Delaware Basin, Guadalupe Mountains, and
probably Apache Mountains a transient heating event began in
the Oligocene and intensified during the late Miocene (Barker
and Pawlewicz, 1987, 1993; Hill, 1996, p. 189-190). The late
Miocene paleo-geothermal gradient (40-50°C/km) was about
twice that of the modern gradient (Barker and Haley, 1986;
Barker and Pawlewicz, 1987, 1993). The heating event was
related chiefly to the late phase of Basin and Range tectonism
(Barker and Pawlewicz, 1987; Hentz and Henry, 1989; Hentz
et al., 1989; Budd et al., 2013), which stretched the crust and
uppermost mantle and allowed hot matter to move to shallower depths. The temperature of Permian and older petroleum source beds increased, dispersed crude oil cracked, and
dispersed kerogen (which during Permian time had generated
crude oil and natural gas) decomposed further. These temperature-induced, organic reactions of the late Miocene generated
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trillions of cubic meters of natural gas, dominantly methane
(~90-95%) (Kirkland, 2014, p. 36-37).
During generation of the methane, abnormally high pressures (overpressures) formed within Lower Permian and
pre-Permian source rocks (Lee and Williams, 2000). Driven by
these pressures and by the buoyancy of the gaseous methane,
copious volumes of gas ascended, much of which eventually
resided within uppermost Middle Permian (Bell Canyon) siliciclastics (Fig. 6). The methane moved along the same or along
similar pathways as those followed by the artesian groundwater. The thick beds of Castile evaporites sealed the gaseous
methane from further significant stratigraphic ascent, as they
also did for the rising groundwater. Many upward-dipping Bell
Canyon beds of sandstone became locally and ephemerally
filled with methane gas, and virtually all pore water within Bell
Canyon sandstone and siltstone became saturated with methane. Furthermore, gaseous and aqueous methane migrated
into the breccia chimneys and caverns of the Anhydrite I
Member (Fig. 8)
Biogenic Structures within Lower Castile Anhydrite
Members: the Loci of Hydrogen Sulfide Generation
In the western Delaware Basin, chiefly associated with the
Anhydrite I Member, are many hundreds of limestone bodies
(Fig. 12), most with maximum diameter in plan view of about
30 m (Stafford et al., 2008b). Many are in part highly porous
(20-25%). Denudation during the past few million years has
exposed about 1,000 of these bodies (Stafford, 2008a; Stafford
et al., 2008b); and many, because of differential erosion, stand
in high relief (up to ~40 m) (Kirkland and Evans, 1976, their
fig. 2; Stafford et al., 2008b, their fig. 7a). Adams (1944) labeled

Figure 12. Northern segment of Gypsum Plain (which consists chiefly
of gypsite-mantled Castile bedrock and isolated Castile outcrops)
showing location of secondary masses of biogenic limestone termed
“castiles” (represented by black dots) (modified after Stafford et
al., 2008b, their fig. 6a). The castiles generally protrude above the
Gypsum Plain from older members of the Castile Formation (Fig.
8). To the north and east, younger members of the Castile Formation and residual anhydrite of the Salado Formation are mantled by
gypsite soil, and within these areas, secondary limestone masses may
be present in the subsurface primarily within older Castile anhydrite
members (Fig. 8). Similarly, limestone masses may be present beneath
the area covered by Quaternary sediments.
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these physiographic protrusions “castiles.” Like equivalent
limestone bodies still buried, they were originally fully encased
within Castile anhydrite. During the late Miocene and early
Pliocene, microbes within these structures generated copious
amounts of hydrogen sulfide.
The bodies of porous limestone formed when calcite replaced both anhydrite clasts within the Castile breccia chimneys and bedded Castile anhydrite of adjoining wall rock. The
calcitic replacement bodies (and the great volume of hydrogen
sulfide) apparently owe their existence to an unidentified
taxon (or community) of anaerobic microbes (e.g. Boetius et
al., 2000; Valentine and Reeburgh, 2000; Kirkland, 2014, p.
38-39). Catalyzed by enzymes of these microbes, the pervasive
methane reacted with sulfate anions derived from dissolution
of Castile anhydrite. The microbial mediated reaction was:
SO42- + CH4 → H2S + H2O + CO32- (Kirkland and Evans,
1976; Kirkland, 2014, p. 39). Almost all methane that invaded
the Castile partook in this reaction, the rate of which compared to most inorganic geological processes was “extremely
high” (Machel, 2001). Ambient water was used repeatedly as a
solvent, and as the microbes metabolized sulfate anions, anhydrite persistently dissolved to the limit of its solubility, freeing
calcium cations. These cations, in turn, reacted nearly instantaneously with carbonate anions (derived from reaction of water
with carbon dioxide that was expelled from the microbial cells)
to form calcite, represented today, for example, by the castiles
(Fig. 12). The microbially generated hydrogen sulfide did not
react in place, but was free to migrate within groundwater.
Carbon atoms within the replacement calcite (and, therefore, those within its carbon dioxide precursor) clearly
originated largely from thermogenic methane. Calcite samples
from nine limestone bodies have a δ13C mode of -37.0‰
(n=20) (Kirkland and Evans, 1976; Kirkland, 2013, his fig.
33A). Such a modal value can only be attributed to methane;
no other naturally abundant reductant has δ13C values this
negative.
Within their Castile habitats, given sufficient methane,
water, and sulfate anions (all of which were in abundance),
few ecological barriers would have confronted the enigmatic,
hydrogen-sulfide-generating microbes (Kirkland, 2014, p. 39).
They are probably closely related to a puzzling anaerobic,
methane-oxidizing microbial taxon (or microbial community)
ubiquitously present within shallow sediments of the modern
world’s oceans (e.g. Valentine, 2002; Alperin and Hoehler,
2010).
Hypogenic Conduits within Castile Halite
At many localities within the deeply buried (≈ 1,000 m) Anhydrite I Member (Fig. 8), relatively fresh groundwater moved
upward through the hypogenic, anhydritic karst chambers, the
anhydritic breccia chimneys, and the growing, porous, biogenic
calcitic bodies. The deep-phreatic groundwater eventually
contacted the base of the thick (~125 m), overlying, widely
extending Halite I Member of the Castile Formation (Fig. 8).
Sodium chloride dissolved readily, free convection accelerated,
and the rate of upward dissolution greatly increased. Under
the influence of gravity, the brine sank. The densest brine
descended through the Castile into lowest levels of individual

24

Hypogene Karst of Texas

beds of upper Bell Canyon sandstone and flowed downdip.
Simultaneously, the least dense, least saline, most solutionally
aggressive groundwater persistently rose from Bell Canyon
siliciclastics to the primary solution front—the halite surface at
highest accessible elevation. At many localities in the western
Delaware Basin, chambers dissolved vertically by free convection through the Halite I Member until being blocked by
the overlying Anhydrite II Member of the Castile Formation
(Figs. 8, 13). This anhydrite unit (~30 m thick) was virtually
impermeable, and, in the rising calcium-sulfate-rich water, was
poorly soluble.

Figure 13. Diagrammatic NW-SE cross section through Capitan Reef
and juxtaposed Castile evaporites of the Guadalupe Mountains as
they may have existed in late Miocene or in early Pliocene time after
uniform tilting of the Guadalupe tectonic block by ~1°. A-I through
A-IV and H-I through H-III are members of the Castile Formation (Fig. 8); medium-gray areas represent halite; light-gray areas,
anhydrite; black areas, porous biogenic limestone; white areas, voids
(caverns); and white dashes, conduits at top of halite members; dip of
beds is exaggerated (modified after Kirkland, 2014, his fig. 25).

With upward dissolution of chambers blocked by bedded
anhydrite, conduits grew laterally within halite up the slight
homoclinal incline of the western Delaware Basin. This was
possible because over thousands of square kilometers, the
smooth base of the Anhydrite II Member formed an eastward, uniformly dipping surface, and the initial slight eastward
dip of the late Miocene was sufficiently steep to support free
convection within the directly underlying halite. The vertical
solutional voids within the Halite I Member, upon contacting
the overlying anhydrite unit abruptly changed their inclination of growth from directly upward to slightly dipping (~1°),
and their direction of growth from directly upward to directly
westward. The conduits, except for their anhydritic cap, were
confined to the uppermost part of the Halite I Member (Fig.
13). The linear, elongate (up to ≈ 30 km), channels—tentatively inferred to have been narrow (≈ < 30 m) and shallow (≈
< 1 m)—advanced by persistent dissolution directly up slope.
During westward growth of the conduits, relatively fresh
aggressive water flowed continuously up the slight incline. At
the same time, and probably just below the rising aggressive
water—in a “two-way stream”—brine nearly saturated with
sodium chloride flowed continuously down the slight incline
to the east. Compared to most inorganic geological processes,
the rate of upward advancement of the elongate conduits was,
here again, extremely rapid (see Anderson and Kirkland, 1980).
Within fractures, the “streams” uncommonly, transversely
crossed the Anhydrite II Member, formed vertically ascending
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chambers within, for example, the Halite III Member of the
Castile Formation; and, then, directly beneath the stratigraphically next anhydrite ceiling, free convection within halite again
created up-slope-trending conduits (Fig. 13).
Many of the westward ascending, linear conduits contacted
the laterally juxtaposed precipitous face of the Capitan Reef
(the Massive Member) or the laterally juxtaposed steep face of
the Capitan forereef (the Breccia Member) (Fig. 13). Where
access into the reefal carbonates was blocked, the conduits
change direction, and by free convective dissolution within
Castile halite they moved parallel to the face of the paleo-reef
or paleo-forereef up the slight grade (< 1° to << 1°) to the
southwest until finding passage into the Capitan Formation.
Points of entry were probably scattered along the southeastern boundary of the formation (i.e. the Guadalupe Mountain
front).
Formation of Late Miocene-Early Pliocene Capitan
Paleo-Aquifer
Beginning in early late Miocene time during initial episodes
of tilting of the tectonic block, Castile brines bearing hydrogen sulfide moved persistently by forced convection (probably chiefly artesian pressure) into the Capitan limestone and
eventually into an aquifer within the Massive Member that
paralleled the reef front (Fig. 14). (This primitive late Miocene
aquifer, which we refer to as the Capitan paleo-aquifer, was
the predecessor of the Holocene aquifer, the groundwaters
of which presently emerge as a major spring at Carlsbad, New
Mexico (Motts, 1968; Hiss, 1975).) The Castile brine gained
access to the paleo-aquifer through steep, permeable joints
normal to the reef front (see King, 1948; Hayes, 1964; Jagnow,
1977). Once within the paleo-aquifer, the saline groundwater flowed slowly to the northeast dominantly through the
interconnected network of nearly vertical, Middle Permian syndepositional faults and fractures. These fractures, as
mentioned above, had experienced modest karstic dissolution
during intermittent low stands while the reef was active and

Figure 14. Late Miocene-early Pliocene paleo-aquifer within Massive
Member of Capitan Formation (the paleo-reef) showing inferred
flow path of hydrogen sulfide-charged saline groundwater. The high
point of the paleo-aquifer may have existed ~10 km southwest of
present-day Guadalupe Peak (about 12.6 km south of the state line).
Groundwater within the paleo-aquifer discharged into paleo-streams
that drained into the ancestral Gulf of Mexico (Hiss, 1975, 1980). The
location of Carlsbad Cavern is shown for orientation.
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during emergence of the dead reef while Castile evaporites
precipitated. Furthermore, the northeast-trending faults and
joints were probably reactivated by the Neogene deformations,
particularly by tilting of the Guadalupe tectonic block. During
the late Miocene and early Pliocene, these sediment-filled,
structurally controlled paleo-caverns (Koša and Hunt, 2006a)
provided effective, interconnected fracture permeability for
fluid flow through the tightly cemented Capitan limestone of
low matrix permeability.
The Castile-derived brine that initially flowed within these
fractures was moderately aggressive towards limestone. The
brine was rich in sodium chloride, calcium sulfate, and hydrogen sulfide, and it was devoid of oxygen, and initially undersaturated with calcium carbonate. The potential of the sodium
chloride-rich brine as a solvent for limestone was thwarted by
a high concentration of calcium ions (see Palmer, 2009, p. 121)
(ions derived in part from dissolution of a minor fraction (~
10%) of anhydrite within Castile halite members). Aqueous
hydrogen sulfide—the weak acid, hydrosulfuric acid—however, may have been able to dissolve significant amounts of
limestone (see Palmer, 2009, p. 118). As the Castile-derived,
hydrogen-sulfide-bearing brine flowed through the restricted
fracture network, it modestly enhanced the permeability of the
paleo-aquifer.
The brine within the Capitan paleo-aquifer was driven
northeastward (downdip) through the interconnected fracture
network by hydrologic pressure resulting from the high topographic elevation of the paleo-aquifer to the southwest (Fig.
15). As the slope of the homocline increased tectonically, both
the slope of the paleo-aquifer and the rate of flow of groundwater within the paleo-aquifer increased. During intermittent
uplifts of the Guadalupe tectonic block, the highest elevation
of the Capitan paleo-aquifer was always its southwestern-most
setting. From its “high point,” the deeply buried paleo-aquifer
trended diagonally to the northeast into New Mexico across
the uniformly, easterly dipping tectonic block, a trend that
resulted in a dip of about one half the dip of the homoclinal
tectonic block (Fig. 15).

Figure 15. Schematic representation of southwest-trending Capitan Massive Member (the paleo-reef) across the eastward dipping
Guadalupe tectonic block showing that since the early late Miocene
when tilting began the most elevated part of the Massive Member has
been to the southwest. The diagram explains the present-day ~1,500
m difference in elevation between the top of the Massive Member
at Carlsbad, New Mexico, and the top of the Massive Member near
Guadalupe Peak, Texas (after Kirkland 2014, his fig. 26).
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Highlands in Texas that no longer exist may have provided
the paleo-aquifer with substantial hydrologic head. Directly
southwest of where Guadalupe Peak now rises, down-tothe-west displacement along the border fault zone apparently
resulted in deep burial of the Capitan Reef complex beneath
alluvium. Before this structural event, however, the reef complex may have risen progressively into Texas for another ~10
km. Then, at the point where the trend turned from southwesterly to southeasterly, the elevation of the reef complex
descended progressively to the southeast toward the Apache
Mountains (Fig. 14). The “turning point” would have constituted the overall high point of the Capitan paleo-reef.
From its highest elevation in Texas, the late Miocene-early
Pliocene Capitan paleo-aquifer progressively decreased in
elevation to near present-day Carlsbad, New Mexico (Fig. 14).
Here, without groundwater resurging as a spring, as it does today, the paleo-aquifer turned slightly to the east-northeast, its
dip increased slightly, and sandstone-filled canyons that were
incised into the Capitan Formation inhibited flow (e.g. Hiss,
1975, p. 74). Southwest of present-day Hobbs, New Mexico,
brine within the paleo-aquifer entered the Middle Permian
San Andres Limestone and younger shelf-margin strata, and
flowed eastward through a “zone of relatively high transmissivity” into Andrews and Gaines counties, Texas, where the
saline groundwater eventually discharged into streams that
drained into the ancestral Gulf of Mexico (Hiss, 1975, p.
210; 1980) (Fig. 14). The cover of Salado and younger beds
at the resurgence points were either absent or were breached.
Throughout the Neogene speleogenesis, the mean elevation
of these resurgence points was the approximate base level for
the water table within the Capitan Formation of the Guadalupe Mountains.
Source and Migration Pathway of Molecular Oxygen
One of the precursors of the sulfuric acid was, of course,
hydrogen sulfide; the other was molecular oxygen. During
early enhancement of the immature Capitan paleo-aquifer by
the deep-phreatic, hydrogen-sulfide bearing, Castile-derived
brine, aqueous and gaseous oxygen were absent. For sulfuric
acid speleogenesis in the mountains, however, great quantities
of oxygen were needed: To generate one metric ton of sulfuric acid, for example, required approximately two metric tons
of molecular oxygen (Palmer and Palmer, 2000). The maximum solubility of oxygen in fresh groundwater is only ~10
mg/l (Winograd and Robertson, 1982), and in a brine rich in
sodium chloride about half this amount (Kinsman et al., 1974;
Sherwood et al., 1991). The vast amount of oxygen required
to form the caves probably precluded dissolved oxygen within
groundwater as a source. Molecular oxygen, it seems, must
have been supplied from the ~20% in the Miocene and Pliocene atmospheres.
Atmospheric oxygen is unlikely to have been supplied
through the small, accidental openings of the caves. These
breaches apparently formed by erosion of streams draining
into the Pecos River long after sulfuric acid speleogenesis
had ceased. Moreover, while the caves were growing, such
openings could not have existed because in that part of the
mountains in which the caves were forming the Capitan Reef
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complex was buried beneath Salado anhydrite, Salado halite,
and probably younger formations.
Gaseous oxygen was probably derived initially from high
areas just to the southwest of the cave belt in New Mexico
or in Texas (i.e. southwest of Virgin Cave (Fig. 3)). In these
areas, atmospheric gas initially became available for migration through permeable fractures within the Capitan Massive
Member. This occurred when (1) the nearly impermeable
“protective cover” of Salado and younger formations was
stripped from the elevated southwestern part of the Massive
Member, and, concurrently, when (2) sufficient uplift of the
tectonic block moved the upper part of the Capitan Massive
Member above the water table (Fig. 16). As erosion advanced
from high mountainous areas to the west down the eastward
dipping slope of the Guadalupe tectonic block, the first areas
from which the lithologic cover was erosionally removed
from the Capitan Massive Member were probably the elevated
southwestern areas (Fig. 15). Then, following each intermittent
tectonic increase in slope of the homocline, erosional removal
of the stratigraphic cover from above the Massive Member
would have been intensified, resulting in progressive removal
of cover to the northeast.

Figure 16. Diagrammatic SW-NE cross-section of the late Mioceneearly Pliocene paleo-aquifer in the Capitan Massive Member showing
the postulated pathway of gaseous oxygen to an incipient cave. Brines
of the paleo-aquifer below the water table are postulated to have contained dissolved hydrogen sulfide some of which degased and moved
with gaseous oxygen (and nitrogen) into the atmosphere of incipient caves. The paleo-aquifer within the Capitan Formation, where
covered, was apparently overlain directly by the massive Fletcher
Anhydrite Member of the Salado Formation. Dip and thickness of the
paleo-aquifer are exaggerated.

Although a great amount of atmospheric oxygen was required for effective speleogenesis, its supply had to be restricted. Too much aeration within the atmosphere of the caves
would have caused the partial pressure of carbon dioxide to
drop, and this would have resulted in the loss of much of
the ability of sulfuric acid to dissolve limestone and dolomite
(Palmer, 2006, 2009, p. 218-219). The gaseous carbon dioxide
was derived primarily from reaction between sulfuric acid
and Permian limestone and/or dolomite. To maintain a high
concentration of this gas within the atmosphere of the caves,
atmospheric oxygen must have been resupplied slowly to the
growing caves without substantial lateral circulation.
As the Capitan Formation of the paleo-Guadalupe Mountains moved tectonically above the elevation of its hydrologic
base level, the water table seemed to drop. During the course
of speleogenesis in the mountains, it appeared to descend by
~1,100 m (Polyak et al., 1998). The relative descent of the
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water table within the Capitan began initially in the southwest
and progressed over eight million years to the northeast. From
southwestern areas of the Massive Member of the Capitan
Formation (probably areas now in Texas) that were initially
above the water table and without effective lithologic cover
(i.e. areas exposed to air), atmospheric oxygen moved into
the water-free, upper section of what had been an active part
of the Capitan paleo-aquifer. (In the elevated southwestern
areas, air eventually replaced water within permeable fractures
throughout the entire Massive Member.) Because of the slight
(< 1° to << 1°) northeastern dip of the Capitan Massive
Member, a minor drop in the water table resulted in the potential for major lateral ingress of atmospheric oxygen above the
water table (Fig. 16). The complex subsurface route through
the fracture network restrained supply of oxygen to downdip
localities where caves were forming. Within that part of the
paleo-aquifer overlain by atmospheric gas, some molecular
oxygen dissolved within the uppermost hydrogen-sulfide-bearing brine, minor amounts of sulfuric acid may have formed,
limestone may have dissolved, and the permeability of the
paleo-aquifer may have been enhanced.
Dearth of Fresh Water within the Paleo-Aquifer
During speleogenesis in the mountains, sources of fresh water were probably severely limited, whereas sources of saline
water were common. Water that flowed in conduits within
Castile halite and that then moved through joint permeability
into the Capitan Formation would certainly have been saline.
In addition, water that flowed from highlands in the western
paleo-Guadalupe Mountains into areas of the Capitan paleoaquifer that were without effective lithologic cover would have
been saline. This brine received its charge of sodium chloride
from erosional dissolution of the many cubic kilometers of
Salado halite that covered Middle Permian strata on the northwestern shelf. As the halite was dissolved by meteoric water
during the late Miocene and early Pliocene, a fraction of the
resulting brine was channeled into southwestern areas from
which the lithologic cover had been removed from the Capitan
Massive Member, and, hence, into fracture permeability within
the Capitan paleo-aquifer. The Salado-derived brine along with
the Castile-derived brine then flowed slowly to the northeast
and eventually to the east (Fig. 14).
Fresh water was unlikely to have been supplied to the paleoaquifer from strata beneath the Capitan Massive Member. A
tongue of Middle Permian (Guadalupian) Cherry Canyon Formation (Fig. 6) formed a major transgressive unit that extended onto the shelf (Fig. 10). In its upper part it consists of very
fine-grained sandstone and cherty limestone beds (King, 1948,
p. 38). The tongue formed a confining bed through which
little or no groundwater movement took place (Motts, 1968),
and it would have prevented entry of a significant volume
of fresh water into the overlying paleo-aquifer. Furthermore,
even if the Cherry Canyon tongue were to have had sufficient
permeability, it could not have been a source of fresh artesian
water. Throughout the late Miocene and early Pliocene, large
areas of Middle Permian strata on the northwestern shelf
were blanketed by Upper Permian halite, gypsum, anhydrite,
and dolomite; thus artesian water would have been unable to
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descend easily into the poorly permeable sandstone tongue or
into the near-reef, shelfal lithologies (e.g. the Tansill and Seven
Rivers dolomites), and hence into the overlying or lateral Capitan paleo-aquifer.
Condensation, Corrosion, and “Acid Rain”
Individual, large hypogenic caves within the Guadalupe
Mountains were probably created over hundreds of thousands
of years. Most probably began to form within the Capitan
Massive Member within the upper part of scanty, nearly
vertical, northeast-trending, subsurface openings (narrow fissures) along the Capitan paleo-aquifer. Within these growing
incipient caves, atmospheric gas overlay narrow, elongate brine
pools.
At various entry points, Castile brine in which hydrogen sulfide was dissolved was persistently introduced into the Capitan
Massive Member (the paleo-reef) at various levels probably
both above and below the water table. The aqueous hydrogen
sulfide that entered the Massive Member from above the water
table degassed as it descended through fractures; the hydrogen
sulfide gas mixed with atmospheric gas bearing oxygen, and
the mixture flowed into the atmosphere of growing caves. The
aqueous hydrogen sulfide that entered the Massive Member
from below the water table flowed slowly downdip through
the Capitan paleo-aquifer into growing cave pools. The linear
rifts (fissures) present today in many of the large caves (e.g.
Kirkland, 2014, his fig. 9) were probably not usually primary
avenues for migration of ascending, aqueous hydrogen sulfide.
Hydrogen sulfide gas, which is denser than air, degassed
from the narrow, elongate, incipient cave pools into the overlying atmosphere. The hydrogen sulfide- and oxygen-bearing
atmosphere within growing caves was put into motion by diffusion, thermal convection, and barometric winds (Hose and
Macalady, 2006; Palmer, 2006), and it moved toward walls and
ceilings of the caves. The brine within cave pools was warmer
than the walls and ceilings of overlying gas-filled parts of the
caves (Hose and Macalady, 1996), the higher temperature of
the cave pools being primarily a consequence of the late Miocene thermal event. Atmospheric humidity within the growing caves probably persisted virtually at the saturation point.
Overlying the brine pools, the poorly porous limestone of the
Massive Member and the overlying poorly porous halite and
anhydrite of the Salado, which were both considerably more
conductive than most sedimentary rocks, drained heat away
from cave ceilings and walls. On these relatively cool surfaces,
water vapor condensed to form films and drops.
Hydrogen sulfide and gaseous oxygen within the atmosphere of the caves dissolved within drops and films of water
on the cave surfaces (e.g. Palmer, 2006). The dissolved gases,
catalyzed by bacterial enzymes, reacted to form sulfuric acid
(eq. 1).
H2S(aq) + 2O2(aq) → H2SO4(aq)

(1)

Where acidic drops and films were in contact with limestone
(or dolomite), the acid reacted with the wall rock corroding
the limestone and forming gypsum and carbon dioxide (eq. 2).
CaCO3 + H2SO4(aq)+ H2O → CaSO4•2H2O + CO2 (2)
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Where acidic drops and films were not in contact with wall
rock, but were shielded by gypsum, organic matter, or, uncommonly, clay or silica, both hydrogen sulfide and oxygen continued to be absorbed and continued to react (Palmer, 2006). The
reaction consumed the dissolved gases and allowed persistent
recharging of the drops and films with gaseous hydrogen
sulfide and gaseous oxygen. These dissolved gases reacted to
form sulfuric acid. The longer drops remained in contact with
the cave atmosphere, the more acidic they became (Palmer,
2006; Palmer, 2009, p. 219).
In active sulfidic caves in Mexico and Italy (separated by
~10,000 km), pendulous wall biofilms resembling stalactites
(named “snottites”; Pisarowicz, 1994) hang from cave ceilings
(Hose et al., 2000, their fig. 5). Such “snottites” were probably
also present within active Neogene caves of the Guadalupe
Mountains; and during the long period of cave formation
countless drops of aqueous sulfuric acid probably fell from
their tips as an “acid rain” onto underlying cave pools (Fig.
17). From gypsum-coated walls and ceilings, sulfuric acid also
drained into and dripped onto underlying cave pools (Fig. 17).
The aqueous sulfuric acid formed an aggressive, acidic layer in
the uppermost part of the pools that was less dense than the
brine of the cave pools. Where the capping layer impinged on
wall rock, it reacted with limestone or dolomite thereby reducing the acidity of the upper layer. The several centimeters or
thicker, continuously replenished layer of dilute to very dilute
sulfuric acid was separated by a pycnocline from the underlying, hydrogen sulfide-bearing brine (Fig. 17). Dissolved hydrogen sulfide within the brine continuously diffused through
the pycnocline into the upper acidic layer, and subsequently
into the cave atmospheres. Conceivably, the capping layer may
have been thin enough and concentration of hydrogen sulfide
within the underlying saline brine great enough that some
hydrogen sulfide came out of solution as bubbles (see Palmer,
2009, p. 216).
Many of the largest rooms and passages in caves of the
Guadalupe Mountains are arranged in nearly horizontal tiers
with floors that are roughly flat (e.g. Palmer, 2006). The Big
Room of Carlsbad Cavern is a prime example. Such semi-horizontal cave levels possibly formed, when (1) for an extended
interval, intermittent uplifts of the Guadalupe tectonic block
became less intense resulting in a decrease in relative descent
of the water table (Klimchouk, 2007, p. 80) and (2) after much
massive gypsum was removed by dissolution (an on-going
process). Over such extended intervals of near stability, the
water table within cave pools declined in tectonically induced
steps by only a few meters to a few tens of meters. The
acidic layer at its lateral impingements on wall rock dissolved
the flanking limestone (or dolomite), formed gypsum, and
replaced some limestone bedrock with gypsum (Queen, 1973;
Palmer et al., 1977) (eq. 2; Fig. 17). After each sporadic, slight
relative decrease in the water table, a new horizontal datum
(a pycnocline) formed below which dissolution of limestone
(or dolomite) by sulfuric acid could not occur. This process,
if carried on for many hundreds to thousands of millennia,
would have expanded cave rooms horizontally and vertically.
Although the greatest rate of dissolution took place by sulfuric acid in the vicinity of the sporadically falling water table,
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Summary and Conclusions

Figure 17. Cross-section of hypothetical cave showing possible mechanisms for cave enlargement; drips of sulfuric acid from both “snottites” and gypsum crusts rain onto brine pond, and seeps of sulfuric
acid descend along cave walls into brine pond. A layer of dilute sulfuric acid eventually caps the denser brine of the cave pond, and slowly,
but persistently, dilute sulfuric acid reacts with lateral wall rock to
form gypsum. As the host rock of the cave rises tectonically, the acidic
layer appears to fall and an older section of limestone wall rock reacts
with the acid to form gypsum and carbon dioxide. Gypsum is highly
soluble and its dissolution in the slowly flowing brine enlarges the
cave. In addition, much sulfuric acid that forms on cave ceiling and
walls seeps through the gypsum crusts and reacts with underlying
limestone (or dolomite) wall rock to expand the crust, much of which
ultimately falls into the brine pond (modified after Hose et al., 2000,
their fig. 14).

the total volume of corrosive dissolution by sulfuric acid,
judging from the high-domed ceilings of the caves, may have
been greater above the water table (Palmer, 2009). Ultimately,
as tectonic uplift became more active, with major increases in
the relative rate of water-table decline, steep passageways may
have formed along the nearly vertical fractures forming passageways that ultimately extended between the horizontal tiers
(DuChene and Cunningham, 2006).
Within individual caves, the evolution of solutional morphology by sulfuric acid probably began at high elevations
within, for example, the Massive Member of the Capitan
where there was a limited supply of gaseous oxygen, but a
relatively abundant supply of gaseous hydrogen sulfide; it ended at low elevations in, for example, the Massive Member of
the Capitan where there was an abundant supply of gaseous
oxygen, but a relatively limited supply of gaseous hydrogen
sulfide. During the final descent of groundwater into deep
fissures (see Kirkland, 2014, his fig. 9), sulfuric acid speleogenesis became progressively less effective, until it finally ceased.

Hydrogen sulfide was one of the precursors of sulfuric
acid that dissolved Middle Permian limestone and dolomite in
the paleo-Guadalupe Mountains to form the large hypogenic
caves. The hydrogen sulfide formed in the adjacent Delaware
Basin within > 1,000 subsurface centers of intense microbial
growth within thick (tens of meters) beds of lower Castile
anhydrite. The centers are now represented by exposed masses
of biogenic limestone with a mean diameter, in plan view,
of about 30 m (the Gypsum Plain “castiles”). The hydrogen
sulfide was a “waste product” expelled by enigmatic microbes
that used thermogenic methane as a foodstuff and sulfate
anions as an oxidant. The hydrogen sulfide was generated
within the western Delaware Basin in vast quantities (millions
of metric tons) probably at the same time as hydrogen sulfide
was being microbially consumed in vast quantities (millions of
metric tons) within the adjacent paleo-Guadalupe Mountains
In the late Miocene through the early Pliocene, an extensive
homocline was created tectonically throughout much of the
Delaware Basin and the paleo-Guadalupe Mountains. The
persistent eastward dip of the homocline increased sporadically over 8 Ma to a maximum of > 1° (but < 2°). Because
of this homoclinal slope, deeply buried (≈ 1 km) beds of
Late Permian Castile halite in the far western Delaware Basin
dissolved hypogenically, forming elongate voids (conduits) by
free convection. As halite dissolved, the density of the solvent
increased, it sank, and the freshest, least dense, most solutionally aggressive groundwater available inherently rose to the
highest accessible elevation, where more halite dissolved.
The porous, calcitic centers of microbial growth within
Castile anhydrite merged upward into vertical chambers within
Castile halite, and then into laterally extending conduits within
Castile halite. The conduits lay directly beneath the nearly
smooth, intact, regional base of a homoclinal, thick (commonly tens of meters) bed of Castile anhydrite. During their
growth, many conduits advanced for kilometers westerly
directly up the shallow slope, and many ultimately terminated
at the laterally juxtaposed Capitan Formation.
Brackish to fresh groundwater from underlying beds of
Middle Permian Bell Canyon sandstone then moved into
the Castile Formation. It dissolved hydrogen sulfide at the
microbial centers, and then flowed updip through the elongated conduits dissolving NaCl along the way. Chiefly under
artesian pressure (forced convection), the hydrogen sulfidebearing brine moved through fractures (joints) normal to the
paleo-mountain front into both the Capitan paleo-reef (the
Massive Member) and into the Capitan paleo-forereef (the
Breccia Member). During the late Miocene and early Pliocene,
the saline groundwater then flowed slowly downdip to the
northeast and eventually east. The groundwater flowed within
the Massive Member in a paleo-aquifer consisting of an interconnected network of reactivated permeable fractures (mainly
faults) trending parallel to the reef front.
The other precursor of sulfuric acid was molecular oxygen,
which was supplied as atmospheric gas. Great quantities were
required, but to maintain potency of the acid the atmospheric
gas of the caves had to retain a significant concentration of
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carbon dioxide, and, therefore, the cave atmospheres could
experience only modest aeration. The oxygen was not supplied
through the small and limited cave entrances, which apparently
formed after sulfuric-acid speleogenesis had ceased. Rather, it
was probably supplied initially from topographically high areas
of the paleo-aquifer free of cover within Texas, and later,
within New Mexico.
The Capitan Formation trended diagonally to the northeast
across the eastward dipping homocline; thus, as the slope of
the homocline increased tectonically, the highest elevation of
the paleo-aquifer was always its southwestern part. The lithologic cover above the Capitan paleo-aquifer (in volume, predominantly Salado anhydrite and halite) was probably initially
removed in the vicinity of the highest elevation of the Capitan
Formation, where the amount and intensity of precipitation
and weathering would likely have been greatest. From these
uncovered areas, atmospheric oxygen entered that part of the
Capitan fracture network above the water table. Atmospheric
oxygen migrated as a gas down the slight dip (<1°) through a
lengthy complex of covered northeast-trending, subsurface,
fracture pathways to the growing caves. As the inclination
of the homocline increased tectonically, the elevation of the
Capitan paleo-aquifer rose and the water table progressively
fell (in a relative sense by a cumulative ~1,100 m). As it did
so, the area being freed of cover and the subsurface extent of
atmospheric oxygen both moved to the northeast.
While speleogenesis was taking place, groundwater within
the Capitan fracture network was saline. Along its lateral
contact with the Castile Formation, brine may have entered
the Capitan paleo-reef both above and below the water table
within the Massive Member. In addition, brine within the
paleo-aquifer was derived, in large part, from dissolution of
Salado halite. Late Miocene-early Pliocene erosional dissolution of probably many cubic kilometers of Salado halite—
which covered the Castile Formation, the Capitan Formation,
and the Capitan-correlative strata of the northwestern shelf—
produced a vast amount of brine. Some of this brine was
channeled into the Capitan paleo-aquifer from southwestern
areas (probably in Texas) where the Capitan Massive Member,
in particular, was no longer effectively sealed. The multisourced brine then flowed slowly through brine pools of the
growing caves to the northeast.
During active speleogenesis, a thin upper layer of less dense,
acidic water may have capped saline cave pools. Above the
warm pools, drops of water condensed on the relatively cool
ceilings and walls. From the cave atmospheres, the drops (and
films) absorbed hydrogen sulfide and oxygen. Catalyzed by
bacterial enzymes, the dissolved gases reacted to form sulfuric
acid. Where the acid was protected from reacting with wall
rock by a coating of gypsum or organic matter, countless
drops of acid rained incessantly during the many thousands
of years of speleogenesis onto the underlying cave pools.
The drops formed a constantly replenished, relatively lowdensity, acidic layer several centimeters or more in thickness
that floated on the brine. This upper capping layer of dilute
sulfuric acid reacted persistently with the flanking limestone
(or dolomite) to form gypsum, carbon dioxide, and, when the
acid was spent, fresh water.

29

The water table within the caves descended slowly during
periods of modest tectonism (tilting); lateral dissolution was
substantial, and after much massive gypsum was removed,
large-area, flat-floored rooms resulted. With more active
tectonism, the water table descended relatively rapidly into
openings within fractures; vertical dissolution was emphasized,
and steep passageways formed between the semi-horizontal
tiers. The water table ultimately descended into fissures; as it
fell, sulfidic speleogenesis became progressively less effective
and finally stopped.
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Addendum: 400 Foot Cave in the Glass Mountains, Texas
The Capitan Reef complex is exposed in the Apache and
Glass Mountains (Fig. 1), but in these mountains only a
few caves, mostly small, have been reported within the reef
complex. Unlike much of the Guadalupe Mountains, land in
the Apache and Glass mountains is privately held. Permission
from landowners for access, especially in the Glass Mountains,
is seldom granted, and, thus, neither of these more southern
ranges has been exhaustedly explored for caves. Possibly, when
access is more readily available, diligent searches will result
in more caves being found or being re-visited (such as a cave
shown on King’s map (1930) of the Glass Mountains that has
apparently never been investigated further (Hill, 1996, p. 285)).
Several geologic conditions in these remote mountain
ranges are less favorable for speleogenesis than those in the
Guadalupe Mountains. The Glass and Apache mountains are
smaller in area and are at lower elevation and, therefore, have
not been as deeply “dissected” by erosion as the Guadalupe
Mountains, thus reducing the chance of exposing entrances
to hypogenic caves. In addition, the Capitan paleo-reef in the
Glass and Apache mountains is largely dolomite, whereas in
the Guadalupe Mountains the paleo-reef is primarily limestone (King, 1930, p. 73; Hill, 1996, p. 286). Some hypogene
caves of the Guadalupe Mountains have formed in dolomite,
but possibly many of the caves began to dissolve initially in
the more soluble limestone of the Massive Member, and in
their more mature stage expanded into, for example, the Seven
Rivers dolomite.
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In the Capitan Reef complex outside of the Guadalupe
Mountains, the only known accessible cave that shows
evidence of being hypogenic is 400 Foot Cave of the Glass
Mountains. This cave is located in Brewster County, Texas
(Hess Canyon, 7.5’ quadrangle map). Photographs of the
cave are available on the Internet (search on “400 foot cave”).
The cave is in the Gilliam Member of the Capitan Formation (Middle Permian), which in the vicinity of the cave is
an unfossiliferous, massive dolomite estimated to be 1,311
m in thickness (Terrell in Fieseler and Kunath (1975, p. 6)).
The cave is a “three-dimensional spongework maze” (Elliott
and Veni, 1994, p. 160). It is “developed along a series of
northwest- and northeast-trending joints” (Hill, 1996, p. 285)
and also possibly along a normal fault (Terrell in Fieseler and
Kunath, 1975, p. 6). The name 400 Foot Cave is a misnomer.
It was believed to reach a depth of about 122 m (400 ft) but
its surveyed depth is 92.9m, which ranks it as the fifteenth
deepest cave in Texas; its surveyed length is 2,000 m (website
of Texas Speleological Survey).
“Gypsum flowers” (Bassham in Fieseler and Kunath, 1975,
p. 6), gypsum blocks, and gypsum rinds (Hill, 1996, p. 285)
occur in the lower levels of Four-Hundred-Foot Cave. The
sulfur isotopic composition of a single sample of gypsum
from this cave has a δ34S value of -12.7 ‰ (Hill, 1996, p. 285).
This sample must have resulted from oxidation of microbially
generated hydrogen sulfide, which implies that the cave had
an origin by sulfuric-acid dissolution like major caves of the
Guadalupe Mountains (Hill, 1996, p. 286). 400 Foot Cave is,
therefore, apparently hypogenic.
Several features of the Glass Mountains and adjacent
Delaware Basin are similar to features within the Guadalupe
Mountains and adjacent Delaware Basin. These similarities
support migration of aqueous hydrogen sulfide from the
Delaware Basin into the Glass Mountains, and specifically into
400 Foot Cave.
• Middle Permian rocks of the Glass Mountains are tilted
toward the north and northwest at an average dip of 10°
forming a homoclinal slope (King, 1930, p. 117; Hill,
1996, p. 234). The base of the Late Permian Castile in the
adjacent Delaware Basin also dips approximately to the
north into a part of the basin that was not tilted during
uplift of the Guadalupe tectonic block (Grauten, 1965, his
fig. 2; Fig. 11). The homoclinal-like slope of Permian strata
within the Glass Mountains, therefore, apparently extends
into Permian strata of the adjacent Delaware Basin. Even
though the direction of their homoclinal slopes differ
by ~90°, these data support a Neogene configuration of
Middle and Upper Permian strata of the Glass Mountains
similar to that of Middle and Upper Permian strata in the
Guadalupe Mountains.
• Members of the Upper Permian Castile Formation (Fig. 8)
were probably once laterally juxtaposed with the Capitan
paleo-reef and paleo-forereef of the Glass Mountains, as
they were in the Guadalupe Mountains (Fig. 10). From the
paleo-reef front of the Glass Mountains, the lower halite
members have now been dissolved back to the north by
several tens of kilometers (Anderson et al., 1972, their
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figs.13 and 15). Similarly, in the Guadalupe and Apache
mountains, the lower halite members have now been dissolved back to the northeast from the paleo-reef front by
up to several tens of kilometers (Anderson et al., 1972,
their figs. 13 and 15).
Uplift of the Glass Mountains probably occurred late in
Miocene time during a late-phase of Basin and Range deformation (see Hentz and Henry, 1989; Hill, 1996, p. 163),
which overlaps with timing of uplift in the Guadalupe
Mountains.
Upper Permian Salado halite and anhydrite appears to
have once covered both the Capitan Formation and timeequivalent back-reef shelfal strata of the Glass Mountains
(see Anderson et al., 1972, their fig. 18), as it apparently did
in the Guadalupe Mountains. After Miocene uplift of the
Glass Mountains, the Salado evaporites would have been
dissolved from the mountains, as they apparently have
been in the Guadalupe Mountains.
The Capitan Reef complex in the Glass Mountains forms
a present-day aquifer extending mainly along the east side
of the basin. A predecessor of this modern aquifer probably existed in Miocene time (Hiss, 1975, his fig. 4a) much
like the upper Miocene-lower Pliocene paleo-aquifer of the
Guadalupe Mountains. Flow within this paleo-aquifer of
the Glass Mountains, however, instead of being clockwise
would have been counter-clockwise.
Major dry-gas fields occur within pre-Permian strata
(chiefly Ordovician through Devonian) in the southern
part of the Delaware Basin (e.g. Hill, 1996, p. 329-332, and
references therein). Methane that migrated upward through
pre-Upper Permian strata within permeable fractures
(chiefly faults) during the Miocene was probably sealed
by Castile evaporites. At local sites, within lower Castile
anhydrite, sulfate anions and methane may have reacted
to produce hydrogen sulfide that subsequently migrated
updip into Permian strata of the Glass Mountains. At 400
Foot Cave, and probably at undiscovered caves within the
Glass Mountains, the hydrogen sulfide may have reacted
within water with molecular oxygen to from sulfuric acid.

Despite an apparent correspondence of features between
the Glass and Guadalupe mountains, data from the Glass
Mountains are so sparse and so antiquated that speleogenetic
interpretations for the mountains are highly uncertain.
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Abstract

(Fig. 1). Recent studies by Stafford and others (2008a, b) have
documented the spatial distribution of karst development
where the Castile Formation crops out within the Delaware
Basin. The remaining portions of the Delaware Basin interior
remain largely understudied in relation to karst development
other than site-specific studies. Most research in the region
has focused on depositional models of Permian sedimenta-

Evaporite karst in the Delaware Basin is associated with
Castile, Salado, and Rustler strata deposited during the Ochoan. Karst studies have been conducted across the 1800-squarekilometer Castile outcrop area delineating clustering of karst
and evaporite calcitization that suggests hypogene processes
are associated with the dominant diagenetic and speleogenetic processes within the region. Hypogene caves, as well as
intrastratal brecciation (breccia pipes and blanket breccias), are
common throughout the Castile Formation. Also commonly
found are evaporite calcitization and native-sulfur-ore emplacement associated with ascending hydrocarbons from underlying Guadalupian siliciclastic units and selenitization that
is likely coupled to these same processes. However, epigene
(hypergene) processes are currently overprinting hypogene
features and forming porosity structures associated with rapid
surface denudation across the region.
Outside the Castile outcrop area, karst development inside
the perimeter of the Delaware Basin has not been as well
studied. However, hypogene karst processes have been documented in both the Salado and Rustler formations. These are
largely associated with intrastral brecciation and the formation of subsidence features and upward-stoping breccia pipes.
Upward migration of fluids from the Capitan Reef complex
in the subsurface along the Central Basin Platform has created
a series of near-parallel subsidence troughs. Similarly, upward
migration of fluids towards the potentiometric low of the Pecos River has created large-scale subsidence features within the
interior of the basin that are filled with Quaternary clastics.
Halite within both the Castile and Salado formations exhibits
significant dissolutional thinning to the point of complete removal in many of the western portions of the Delaware Basin.
Significant evidence exists in the Castile, Salado, and Rustler
formations to indicate that hypogene processes have been a
major contributor to the diagenetic evolution of the Delaware
Basin evaporite sequences.

INTRODUCTION
The Delaware Basin of West Texas and southeastern New
Mexico is world famous for extensive carbonate karst development (e.g. Carlsbad Cavern, Lechuguilla Cave) associated
with Permian reef facies of the Capitan Formation. However,
the interior of the basin, which is defined at the margins by
the Capitan Reef, is filled with a sequence of Late Permian
evaporite deposits that host significant karst development

Figure 1. Study area location ncluding outcrop location of the Castile
and Rustler formations (MB = Midland Basin; VB = Val Verde Basin) (modified from Stafford et al., 2008c). Note that the Capitan Reef
is exposed in the Guadalupe, Apache and Glass mountains.
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tion and subsequent structural and diagenetic alteration.
However, the near-linear dissolution kinetics of evaporite (i.e.
gypsum, anhydrite, and halite) deposits has produced dramatic
karst development throughout the Late Permian strata of the
Delaware Basin. This includes extensive epigene and hypogene
karst, including a large diversity of caves and intrastratal dissolution features, and associated diagenetic alteration of host
strata.
Documentation of karst development within the region has
been largely driven by individual cavers working in association with the Texas Speleological Survey in the mid-twentieth
century in the Texas portion (Reddell and Fieseler, 1977) and
throughout the later twentieth century in association with the
Gypsum Karst Project (GYPKAP) of the National Speleological Society in the New Mexico region (Belski, 1992; Eaton,
1987; Lee, 1996). Recent advancements in remote sensing
and spatial analyses with GIS-based (Geographic Information
System-based) platforms have enabled widespread delineation
of surficial karst manifestations across the region as shown by
Stafford and others (2008b). These studies indicate that karst
development is more extensive throughout the Delaware Basin
than previously recognized. However, remotely-sensed investigations are limited to surficial manifestations and provide only
minimal evidence of speleogenetic origins of karst development based on spatial density analyses. Physical ground
investigations and cave mapping remain essential for unravelling the complexities of speleogenetic evolution of karst
throughout the region. This paper focuses specifically on the
karst development of the Castile Formation in areas in which
detailed research has been conducted on karst development
and associated diagenetic alteration of Permian evaporites of
the Delaware Basin. Extension of known processes within the
Castile Formation is made to other regions of the Delaware
Basin where karst studies have been more limited and surficial
karst manifestations are less common.
The evaporite karst outcrop area falls within the Gypsum
Plain, a physiographic province located on the northern edge
of the Chihuahua Desert and includes strata of the Castile
Formation as well as the overlying Salado and Rustler formations (Fig. 1). The Delaware Basin is part of the larger Permian Basin and formed at the boundary between the Basin and
Range and the Great Plains physiographic provinces. Annual
precipitation averages 267 mm with most precipitation occurring as isolated afternoon thunderstorms and late summer
monsoonal storms (Sares, 1984). Short-duration, high-intensity storm events promote significant runoff and channelization
of overland flow, while low annual precipitation has prevented
the complete dissolution of highly soluble evaporite strata
within the region (gypsum solubility ≈ 2.53 g L-1; halite solubility ≈ 360 g L-1). Annual temperature averages 17.3° C, with
an average annual low of 9.2° C and an average annual high of
25.2° C (Sares, 1984).

Geologic Setting
The Delaware Basin was formed as the North American
and South American-African plates collided to form Pangaea
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during the late Paleozoic (Hill, 1996). Plate interaction initiated during the Mississippian, with dominant compression
and plate suturing occurring during the Pennsylvanian and
Permian in association with the Ouachita Orogeny. Associated block-faulting subdivided the ancestral Permian Basin
into the Delaware Basin to the west, the Midland Basin to the
northeast and the Val Verde Basin to the southeast, which
resulted in the Central Basin Platform becoming a structural
high (Dickenson, 1981). These basins subsequently filled
with clastic, carbonate, and evaporite facies throughout the
Permian, with a general sequence of carbonates rimming the
basin margins, early clastic basin deposits, and late evaporite
basin fills (Fig. 2) (Scholle et al., 2004). These late evaporite
basin fills not only provide the host strata for evaporite-karst
development within the region, but also provide the seals for
hydrocarbon accumulation that the greater Permian Basin

Figure 2. Stratigraphic, north to south (Shelf to Delaware Basin),
section of major lithologic units within the study area (adapted from
Scholle et al., 2004).

region has become famous for.
The Delaware Basin experienced high rates of sedimentation and subsidence throughout the Permian, with the deposition of 3-5 km of strata (King, 1942). The Central Basin Platform formed the eastern boundary of the basin along a high
angle, normal fault system, the southern margin of the basin
formed as an orogenic high created by the Marathon-Ouachita
fold belt, the western margin formed as the Diablo Platform,
and the northern margin formed as the northwestern shelf
(Hill, 1996). The Delaware Basin was connected to open-marine circulation by the Hovey Channel to the southwest and to
the Midland/Val Verde Basin by the Sheffield Channel to the
southeast. Wolfcampian and Guadalupian strata include thick,
clastic, basin-filling facies and peripheral carbonate reef facies,
while Ochoan evaporites fill and cap the basin.
During Guadalupian time, the Goat Seep Dolomite and
overlying Capitan Limestone were deposited as carbonate
reef facies around the periphery of the basin. Interbedded
backreef facies of the Artesia Group were deposited on the
platform margins, grading from carbonate to mixed carbonate/evaporite and mixed evaporite/siliciclastic deposits
progressively forming inland on the northwestern shelf (Hill,
1996). At this time, episodic sea-level fluctuations enabled
sand sheets to progress from north to south across the northwestern shelf and deposit siliciclastic deposits of the Cherry
Canyon and Bell Canyon formations within the Delaware Basin during sea-level lowstands (Scholle et al., 2004). Continued
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subsidence of the Delaware Basin along the fault boundary of
the Central Basin Platform provided accommodation space
(Hill, 1996).
By the end of the Guadalupian, open-marine circulation had
effectively been closed through the Hovey Channel by Capitan
reef growth and the region became a restricted evaporitic
basin during the Ochoan (Scholle et al., 2004). Density-stratified brines developed within the Delaware Basin and cyclic
stratified deposits of the Castile Formation filled the Delaware
Basin with varved gypsum (anhydrite)/calcite couplets in the
western portion of the basin that grade into interbedded gypsum (anhydrite)/halite in the eastern portion of the basin were
water depths were greatest (Dietrich et al., 1995). Up to 480 m
of Castile evaporites were deposited to fill the Delaware Basin,
with the thickest deposits presently occurring proximal to the
Central Basin Platform including four thick halite zones. The
Castile Formation is capped by the Salado Formation, which is
dominated by chloride minerals with secondary sulfate minerals and minor siliciclastics. The Salado Formation ranges from
up to 600 m within the Delaware Basin to less than 300 m
were it extends over the Artesian Group backreef deposits on
the Northwestern Shelf (Hill, 1996).
Subsequent to Salado deposition, a relatively significant
sea-level advance occurred. It deposited the large-scale cyclic
deposition of the Rustler Formation that consists of five
major alterations between carbonate and sulfate deposition
during associated transgressions and regressions that covered
both the basin and surrounding regions, including the shelf
and platform (Hill, 1996). The end of the Ochoan is marked
by the deposition of the Dewey Lake Red Beds, which represent the final advancement of the Permian seas and which
were deposited subsequent to siliciclastic-rich, iron-oxidized,
continental deposits (Hill, 1996).
In the early Mesozoic, Pangea rifting initiated and began the
separation of North American and South American-African
plates. Throughout the Triassic and Jurassic, the Delaware Basin was subaerially exposed and dominated by clastic deposition. During the Cretaceous, transgressions flooded the region
from the southeast, resulting in carbonate platform deposition. However, by the end of the Mesozoic, the Laramide
Orogeny produced regional uplift above sea-level, where it
remains today with basin tilting 3-5° towards the east/northeast (Dickenson, 1981; Hentz and Henry, 1989). Subsequent
to Laramide uplift, Basin and Range extension in the Neogene
produced conjugate joint/fault sets oriented at ~N75° E and
~N15° W throughout the basins. Graben development along
the far western margin of the Delaware Basin produced the
Salt Flat, dropping the western-most portion of the Delaware
Basin into the subsurface (Nance, 1993). Igneous activity, including emplacement of several dikes in the northern portion
of the Delaware Basin and thinning of the crust by extension,
resulted in higher-than-average regional thermal gradients
throughout the latter half of the Cenozoic (Hentz and Henry,
1989).
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Evaporite Karst of the Delaware Basin
Karst manifestations are widespread throughout the
evaporite facies of the Delaware Basin, with the greatest
concentrations reported from the Castile Formation outcrop
and, to a significantly lower degree, in the Salado and Rustler
formations. Karst ranges from epigene to hypogene caves,
with some polygenetic features. Intrastratal brecciation and
solution subsidence are common as well as diagenetic alteration of sulfate-rich strata to secondary mineralogies (Stafford
et al., 2008a). While epigene processes dominate the current
geomorphic evolution of surficial evaporite rocks cropping
out across the region, hypogene processes appear to dominate
the diagenetic and speleogenetic evolution of the Delaware
Basin (Stafford et al., 2008a). In outcrop, the Castile Formation dominates karst development within the region, cropping
out over 1800 km2. Karst development within Salado and Rustler formations is largely limited to findings from subsurface
borings and surficial manifestations resulting from upward
stoping and subsidence.
Karst of the Castile Formation
The Castile Formation crops out along the western edge of
the Delaware Basin, extending from the Guadalupe Mountains in the north to the Apache Mountains in the south (Fig.
1). The Castile Formation thins erosionally to the west where
truncation limits the outcrop exposure proximal to the Delaware Mountains, but thickens to 480 m to the east were it dips
into the subsurface (Hill, 1996). Stafford and others (2008b)
have identified 3,237 individual surficial-karst manifestations
(i.e. sinkholes) through GIS-based spatial analyses and they
have estimated that more 10,000 surficial features likely exist
within the Castile outcrop area based on ground-truthing of
50 one-square-kilometer field sites. Their analyses show that
the spatial distribution of features is significantly clustered,
with a nearest neighbor index of 0.439. Large regions exhibit
minimal karst development while areas containing 20 or more
features per square kilometer are common and can locally
exceed 40 features per square kilometer (Fig. 3) (Stafford et al.,
2008b). This distinct clustering suggests that karst development throughout the Castile is largely hypogenetic. Klimchouk
(2003) and Frumkin and Fischendler (2005) suggest that
hypogene karst tends to occur regionally as clustered patterns.
As rising fluids become focused along favorable flow paths,
dense clusters of karst development are separated by regions
of minimal karst development. Hypergene karst in contrast
tends to occur as more widely distributed features with less
clustering as surficial waters utilize all geomorphic variabilities
(i.e. the combined effects of surface denudation, structural
controls, and lithologic variation) to converge flow at depth
instead of near the surface.
Caves of the Castile Formation
Individual cave and karst features studied throughout the
Castile indicate a complex speleogenetic history, including
epigene and hypogene origins. Mixed speleogenetic histories
occur to varying degrees in caves of hypogene origins as surficial breaching of these features, which enables them to be ac-
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Figure 4. Plot comparing length and width of sinkholes in the Castile
outcrop area. Solid line represents length/width = 2, where features
plotted above and to the left of the line are interpreted as subsidence
collapse features (55% of features) while features plotted below and
to the right are interpreted as solutional features (45% of features)
(modified from Stafford et al., 2008a).

Figure 3. Spatial density of surficial karst manifestations within the
Castile outcrop area (from Stafford et al., 2008b).

Figure 5. Rose diagram showing orientation of 28 fracture-controlled
cave passages (N=566 passage segments) surveyed in the Castile
Formation (modified from Stafford et al., 2008a).

cessed for study, has inherently enabled epigene overprinting.
Analyses of sinkhole morphology (i.e. length to width ratios)
indicates that 55% of sinkholes are the result of collapse,
while 45% are the result of solutional entrenchment (Fig.
4) (Stafford et al., 2008a). However, many of the solutional
sinkholes were probably originally collapse features that have
become entrenched as a result of post-collapse capture of
overland flow that focused water towards the sink entrance.
Caves exhibit a dominant orientation of ~N40° W with
secondary orientations of ~N10° W and ~N45° E (Fig. 5)
(Stafford et al., 2008b), which does not correlate well with the
reported ~N75° E and ~N15° W (Nance, 1993) orientations
of conjugate fractures created by Basin and Range extension
across the Delaware Basin. The complexity of cave passages,
primarily along joints, suggests that endokinetic fissuring is
likely the primary driver of local variations in brittle deformation that provide the preferential flow paths for fluid migration and dissolution (Stafford et al., 2008b). Purely epigene

caves exhibit strong solutional control by joints, while hypogene caves show a weaker correlation to structural controls
but greater correlation to lithologic variability and ductile
deformation (e.g., anticlines).
Epigene caves are laterally limited and generally show rapid
decreases in aperture width away from entrance areas (Fig. 6).
High solution rates and near-linear solution kinetics of sulfate
rocks promotes rapid surface denudation and enlargement
of sinkholes (Klimchouk, 2000); therefore, waters forming
epigene caves are likely near-saturation at the time they enter
into the subsurface and thus have limited dissolution potential
for the development of epigene caves. Most epigene caves
are limited to a few tens of meters in length (or significantly
less), are associated with well-developed sinkhole entrances,
and steadily decrease in cross-sectional area, tapering to thin,
narrow passages that limit human exploration (Stafford et al.,
2008a). Most exhibit small scallops, indicating that they are active recharge features during high-flow events associated with

40

Hypogene Karst of Texas

Texas Speleological Survey

Figure 6. Plot showing distance from insurgence versus cross sectional
area for five representative epigene caves within the Castile Formation. Note the rapid decrease in passage aperture width with increasing distance from insurgence, which attests to the rapid solution
kinetics of gypsum.

short-duration, intense storms in the study area. Dead East
Cave (Fig. 7) and Lightening Cave (Fig. 8) are typical examples
of epigene caves within the Castile Formation, both having the general characteristics described above. Within these
recharge features, mechanical abrasion appears to contribute
to passage enlargement.
Hypogene speleogenesis has traditionally been associated
with multi-storey, maze caves and isolated subsurface voids
(Klimchouk, 2007); however, hypogene manifestations within
the Castile Formation do not exhibit these specific patterns.
Hypogene caves in the Castile exhibit the consistent suite
of indicative morphologic features (i.e. risers, wall channels,
ceiling channels, and cupolas) and “boneyard” regions (Fig.
9). Unlike classic hypogene caves, these features tend to form
in isolated planes of maze-cave development or simple, single
conduits formed by rising fluids, similar to those described
by Ford (2006). The lack of well-defined, easily identifiable,
stratigraphic horizons throughout the Castile Formation likely
contributes to the unique hypogene cave patterns observed.

Figure 8. Map of Lightening Cave, a typical epigene cave in the
Castile Formation.

Simple, vertically exaggerated features are primarily formed
along major joints/fractures, whereas lateral mazes are formed
along preferential solution horizons often associated with
structural complexity induced by ductile deformation. Two
caves within the area superbly demonstrate the end members
of hypogene karst development in the area, Dead Bunny Hole
(Fig. 10) and Crystal Cave (Fig. 11).
Many of the hypogene maze caves are spatially limited
and vary from rectilinear to ramiform morphologies within
the Castile. Dead Bunny Hole (Fig. 10) is the most complex
maze cave currently documented in the region. It is developed
in a combination of varved gypsum/calcite and calicitized
evaporite (see below for discussion on calcitization) with a
surveyed length of 420 m and depth of 14 m. The entrance
sink is solutionally modified by epigene processes, but drains
an area of less than one square kilometer. The cave consists

Figure 7. Map of Dead East Cave, a large epigene cave within the Castile Formation.
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as a result of surficial
breaching at the updip
portion of the cave in
the southwest. Other
hypogene maze caves exist throughout the Castile
Formation, but they are
generally associated with
either localized occurrences of high-intensity
fracturing or localized
ductile deformation, generally not developed in
both forms of deformation.
Crystal Cave is the
deepest gypsum cave in
Texas with a surveyed
depth of 92.5 m and
length of 568.6 m (Fig.
11). The cave gently
descends from the entrance sinkhole with only
two significant vertical
drops, Quarryman’s Pit
and Glacier Bay II, and
many minor drops. The
cave alternates between
tall domal passages and
elliptical passages with
a small, incised canyon
along the axis of the
floor (Fig. 12a) that is
well-developed near the
entrance and effectively
absent in lower portions
of the cave. Scallops
are only observed in the
entrenched portion of
the floor areas, suggesting that this is the result
Figure 9. Morphometric features indicative of hypogene dissolution from caves within the Castile Formation
of epigene overprinting.
(scale bars are approximately 50 cm wide in photos): A) complex solutional forms including wall channels, cuThroughout the cave, a
polas, and pendants (Gazelle Cave); B) ceiling cupolas in laminated gypsum (Dead Bunny Hole); C) “boneyard”
morphologies (Dead Bunny Hole); D) ceiling channel (Dead Bunny Hole); E) maze-like cave patterns with ceiling well-developed ceiling
channel is present that is
channels and cupolas (Dead Bunny Hole).
interrupted by small to
large cupolas (Fig. 12b), the largest forming over the tops of
of three laterally offset “storeys” with the upper and lower
Quarryman’s Pit and Glacier Bay II. Above Quarryman’s Pit,
portions developed in varved gypsum/calcite and the middle
the cave is developed in laminated gypsum/calcite and exhibits
portion developed in calcitized anhydrite. The upper level,
significant vadose entrenchment incising to its maximum as a
located in the southwestern portion of the cave, is developed
deep notch at the top of the pit. Below Quarryman’s Pit, the
along a series of meter-scale anticlinal structures; the middle
cave generally follows a dipping layer of secondary selenitic
and lowest levels, located in the central and northeastern porgypsum complexly bounded by an alternating suite of lamitions of the cave, are developed along a series of fractures/
nated, massive, and nodular fabrics, as well as calcitized gypjoints. The floor is composed of significant breakdown and
sum or anhydrite (Fig. 12c). Cave passage and morphological
localized regions of clay infilling. Middle regions of the cave
features commonly cut across fabrics, suggesting that fabric
contain complex boneyard areas, where the interfingering of
variability had little control on dissolution as would be exmore soluble gypsum/calcite zones with calcitized zones ocpected for epigene origins. In the lowest portions of the cave,
curs. Throughout the cave, minor epigene overprinting occurs
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Figure 10. Map of Dead Bunny Hole, a hypogene maze cave in the Castile Formation.
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Figure 11. Map of Crystal Cave, a single-conduit hypogene cave in the Castile Formation.

from the top of Glacier Bay II to the sump at the surveyed
extent of the cave, the entire cave is developed in selenite
with meter-scale crystals. However, smooth, cuspate walls and
ceiling indicate that crystal orientation did not significantly
control solutional zonation (Fig. 12d). The terminus of the
cave is reached at a sump area which is reminiscent of typical
riser features observed in other hypogene caves. Crystal Cave
appears to be a single, large, hypogene riser feature. Epigene
overprinting decreases with distance into the cave. This is best
evidenced by the deeply notched, vadose entrenchment that is
present at Quarryman’s Pit yet absent at Glacier Bay II. This
indicates that vadose waters associated with epigene overprinting are not solutionally aggressive by the time they reach the
lower portions of the cave. Other simple, rising hypogene
caves exist throughout the Castile Formation with similar
morphologies; however, most have exploration depths limited
to less than 50 meters.
Numerous caves throughout the Castile outcrop area show
extensive evidence of both hypogene and epigene origins.
Vadose entrenchment and scalloping provide clear evidence of
epigene processes, while large void sizes that cannot be easily
attributed to small surficial drainage areas coupled with the
suite of morphologic features provide evidence of hypogene

processes. The upper-western region of Bee Line Cave (Fig.
13) clearly shows dominance by epigene processes with inputs
from at least three surface entrances, while a collapse structure in the middle portion forms a large room. Beyond the
room, the main flow path drops down a short, overhanging
pit without vadose notching into a lower passage with ceiling
cupolas that has been filled largely with flood debris. A few
hundred meters to the east of the known extent of Bee Line
Cave is a large collapse feature, Cave Well Cenote (Fig. 14). It
exists without effective surface drainage and the two features
are likely genetically connected. Cave Well Cenote additionally
hosts large colonies of white filamentous bacteria and has a
discernable “rotten eggs” odor, suggesting that it is coupled
with the upward migration of hydrogen sulfide-rich fluids.
These features indicate that hypogene voids are common in
the area and that surface denudation and upward stoping commonly enable epigene overprinting of pre-existing hypogene
megaporosity.
Diagenetic Alteration of the Castile Formation
Intrastratal brecciation is common throughout the Castile
Formation as well as evaporite calcitization and recrystallization. Vertical breccia pipes are widespread and occur through-
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Figure 12. Photos depicting lithologic and speleogenetic diversity in Crystal Cave (scale bars are
approximately 1 m wide in photos): A) Quarryman’s Pit showing complex alteration of original
laminated gypsum; B) passage in middle portion of cave near Quarryman’s drop that exhibits
vadose entrenchment; C) complex hypogene morphologies in wall of Glacier Bay II including
channels, risers, and cupolas (image is approximately eight meters tall; dark, horizontal band
in middle of photo is an artifact of photo mosaicking); D) well-defined cupolas in the ceiling of
Glacier Bay II.

Figure 13. Map of Bee Line Cave, a polygenetic karst feature in the
Castile Formation.

Texas Speleological Survey
out the Castile Formation (Hill, 1996),
which are often manifested as collapse
structures and subsidence valleys. However, laterally extensive breccia horizons have also formed blanket breccias
through intrastratal dissolution of halite.
The vertical breccia pipes are generally
associated with rising fluids along nearly
vertical fractures, where brine-density
convection continuously delivers fresh
water upwards to the solution front (Fig.
15) (Anderson and Kirkland, 1980). As
the void size increases, it can no longer
support the overlying strata and thus
upward stoping is induced. With stoping,
the breccia pipes accumulate less soluble
strata as breccia and soluble zones
continue to be preferentially dissolved
upwards. Similarly, blanket breccias form
laterally continuous zones of intrastratal
dissolution as fluids migrating away from
vertical breccia pipes or migrating updip
along preferential solution horizons
remove overburden support (Fig. 16)
(Anderson et al., 1972). This is most
commonly documented in regions where
halite layers have been removed from the
Castile Formation. Anderson and others
(1978) have correlated halite beds in the
eastern portion of the Delaware Basin
with blanket breccias in the western
portion. Thus in both scenarios, water is
being delivered from the underlying Bell
Canyon clastics upwards into the Castile
Formation, while saturated brines are
descending back into the Bell Canyon
and being transported down dip to the
eastern portion of the Delaware Basin
(Lee and Williams, 2000).

Figure 14. Map of Cave Well Cenote, a water-filled
collapse structure in the Castile Formation.
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Figure 16. Diagram depicting formation of blanket breccias through
intrastatal dissolution of halite interbeds. Dark arrows indicate rising, solutionally aggressive fluids; light arrows represent descending
saturated fluids.

Figure 15. Diagram depicting formation a breccia pipe; lower unit
is a transmissive zone, middle unit is soluble, and upper unit is relatively insoluble. Dark arrows indicate rising, solutionally aggressive
fluids; light arrows represent descending saturated fluids.

Kirkland and Evans (1976) first described, a now widely
accepted, origin for the castiles of the Gypsum Plain. The castiles were first described by Adams (1944); these features are
the result of calcitization of evaporitic sulfate rocks formed
through the process of sulfate reduction. The secondary calcitized rock is more resistant and thus is preserved as residual
highs across the Gypsum Plain. Stafford and others (2008c)
further investigated the phenomenon and determined that
calcitization occurs in dense clusters across the Castile outcrop
area with more than 1000 individual calcitized masses being
documented (Fig. 17); these ranged from the typical “castiles”
to laterally extensive horizons. Calcitization is commonly associated with intrastratal brecciation, either breccia pipes or
blanket breccias, but calcitization also commonly occurs with
little apparent alternation of the original bedrock, preserving structures such as laminations, microfolds, and nodules.
Most lateral zones of calcitization occur within one to two
kilometers of calcitized buttes (Stafford et al., 2008c). In some
instances, when preserved in caves, boundaries between calcitized and uncalcitized rocks are only a few millimeters wide,
while individual calcitized buttes often cover areas of several
hundred square meters (Fig. 18).
GIS-based analyses show that the majority of the calcitized
masses occur along linear trends of ~N70° E and ~N15°
W (Fig. 17) (Stafford et al., 2008c), which compares well
with Basin and Range fracture orientations reported for the
region. Secondary linear trends of calcitization occur along
orientations of ~N25° E, ~N55° E, and ~N40° W which are
similar to the dominant alignment of cave passages documented in the area. Light-carbon isotopes (δ13C) in calcitized
masses indicate that hydrocarbons are attributed to origins of
evaporite calcitization (Kirkland and Evans, 1976), and most
likely sourced from upward migration of methane from the

Bell Canyon and other formations of the Delaware Mountain Group. While Kirkland and Evans (1976) and Kirkland
(2014) attributed the calcitization to Bacterial Sulfate Reduction (BSR), their depleted values of sulfur (δ34S) fell within a
wide range that could be attributed to either BSR or Thermal
Sulfate Reduction (TSR). TSR would be possible with the
elevated geothermal gradients the region has experienced since
the Neogene and associated emplacement of igneous dikes
during Basin and Range extension (Hentz and Henry, 1989;
Horak, 1985). While data do not enable unequivocal classification of calcitization to BSR or TSR origins, the source of hydrocarbons as the catalyst to enable calcitization indicates that
hypogene processes can be attributed and are largely coupled
with the brecciation processes.
Sulfur deposits in the gypsum deposits of the Castile Formation were originally described by crews surveying railroad
routes in the late 19th century (Smith, 1896). Porch (1917)
documented early exploration attempts for sulfur in Culberson County and described test pits as venting either hydrogen
sulfide or methane gas. Hentz and Henry (1989) indicate that
all sulfur ore bodies within the Rustler Springs sulfur district
are associated with fractured/brecciated evaporite strata
that are commonly calcitized (Fig. 19). Native sulfur has also
been documented by the authors to occur in association with
secondary selenite bodies. Selenite masses occur as secondary textures throughout the Castile Formation, but are usually
found proximal to calcitized and brecciated regions (Stafford
et al., 2008c). Masses often exhibit crystals up to several meters in length and covering areas up to several hundred meters.
Some selenitic masses appear to be large voids that have been
secondarily infilled with selenite gypsum textures. Other occurrences appear to be laterally formed in association with
brecciated horizons and grade into replacement textures with
remnant lamination structures (Fig. 20). Hill (1996) suggested
that selenite masses formed contemporaneously with sulfur
deposits in oxidizing regions.
While individual caves and spatial density analyses of
sinkholes indicate that hypogene processes are widespread
throughout the Castile outcrop area, other diagenetic altera-
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Figure 17. Spatial distribution of surficial calcitized anhydrite (or gypsum) in the Castile Formation outcrop area.

Figure 18. Variations of evaporite calcitization within the Castile Formation (scale bars are
approximately 10 cm wide in photos): A) classic “castile” in outcrop (note person for scale
tions within the region indicate that hypogene indicated by arrow); B) secondary gypsum (white powder) forming at hydrogen sulfide vent
processes are more complex than traditional in calcitized mass; C) calcitized breccia pipe; D) calcitized blanket breccia; E) preferential
karst manifestations indicate. Vertically stoping calcitization within an anticline in Dead Bunny Hole; F) thin boundaries between calcitizated and uncalcitized (white) layers (Dead Bunny Hole).

breccia pipes and intrastratal blanket breccias
coupled with evaporite calcitization, sulfur-ore
deposits, and secondary selenite crystallization indicate that
upward migration of methane-rich waters from the Bell Canyon and other siliciclastic and carbonate strata deeper within
the basin have provided the mechanism for the complex
speleogenetic processes. As surface denudation has stripped
away the western portions of the Castile outcrop area, hypogene karst has been exposed to epigene processes resulting in
significant overprinting.

Other Karst Occurrences in the Delaware Basin
Evaporite-karst development has produced other significant
features across the Delaware Basin, including cross-formational breccia pipes, intrastratal brecciation, and dissolution
troughs. The Salado Formation does not occur in outcrop
significantly within the Delaware Basin and is highly variable
in thickness in the subsurface due to intrastratal dissolution;
it reaches thicknesses of 600 m within the basin and thins to
zero meters in the western portions of the basin where it has
been dissolved away (Hill, 1996). Cave development is not
known in the Salado Formation because of the high solubility of the dominant chloride mineralogy and its near absence

Figure 19. Simplified diagram of sulfur ore body showing the “Alteration Zone” where calcitization of anhydrite (and possibly gypsum)
and sulfur-ore emplacement has occurred (adapted from Wallace and
Crawford, 1992).

in outcrop. The Rustler Formation unconformably crops out
over a narrow strip east of the Castile outcrop area (Fig. 1),
but extends farther northward into New Mexico. Like the
Castile Formation it continues in the subsurface in the eastern
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similar to what is observed
in epigene caves in the
Castile Formation.
Throughout the Delaware Basin, Anderson and
Kirkland (1980) identified
vertical, cross-formational
breccia pipes that have
formed as a result of
brine density convection coupled with upward
stoping. Anderson and
others (1978) recognized
the widespread occurrence
of blanket breccias in the
Castile and Salado formations due to intrastratal
dissolution of halite beds.
Along the eastern edge of
the Delaware Basin, a series
of large subsidence troughs
have been identified in
association with ascending
fluids from the underlying Capitan Reef complex
(Fig. 21) (Anderson and
Kirkland, 1980). These
features have resulted from
vertical migration of fluids
from the Capitan Aquifer
into overlying evaporite
deposits of the Salado and
Rustler formations. While
the pressure head is not
great enough locally to
Figure 20. Variations in selenite within the Castile Formation (scale bars are approximately 10 cm in photos;
enable fluids to migrate to
LG = laminated gypsum, CE = calcitized evaporite, SG = selenite): A) typical surficial exposure of selenite cov- the land surface, it is great
ering several hundred meters with a small epigene cave developed in it; B) large selenite crystals in Glacier Bay
enough to enable intraII of Crystal Cave; C) proximal occurrences of vertically tilted laminated gypsum, brecciated calcitized evapostratal halite and gypsum
rite, and selenite (Crystal Cave); D) proximal occurrences of rotated laminated gypsum with laminar calcitized
dissolution of Ochoan
zone and selenite (Crystal Cave); E) contact between laminated gypsum and selenite showing preservation of
evaporites by free conveclamination along irregular selenitization boundary.
tion resulting in collapse
portions of the basin, where it conformably overlies the
and upward stoping through overlying non-evaporitic deposSalado Formation (Hill, 1996).
its and producing broad subsidence troughs that parallel the
Karst development within the Rustler Formation is exteneastern margin of the Central Basin Platform (Anderson and
sive, but largely limited to the Forty-niner Member which
Kirkland, 1980).
is gypsum at the land surface, but anhydrite, siltstone, and
In the middle of the Delaware Basin, several large subhalite in the subsurface (Hill, 1996). Breccia pipes, as well as
sidence features are filled with Quaternary clastics along
extensive solution subsidence, have been documented in New
the direct flowpath of the Pecos River (Fig. 21) (Bachman,
Mexico in the San Simon Sink and Nash Draw regions (Kelley,
1980). The Pecos River has migrated laterally throughout the
1971). Caves within the Rustler Formation show evidence
Delaware Basin since the Paleogene, but according to Thomas
of hypogene origins, which is most obvious in interbedded
(1972), it has been located near its current location since the
dolomites such as the Culebra and Magenta members (Lolate Neogene. These associated large subsidence features aprenz, 2006). Although caves in the Rustler Formation are rare
pear to be the result of locally-intense, intrastratal dissolution
and often small, some caves (e.g. Rocking Chair Cave in New
of Castile and Salado evaporites, chiefly halite, resulting in colMexico) drain extremely small areas and exhibit the morpholapse structures that have created large upward-stoping, closed
logical suite indicative of a hypogenic origin (Stafford and
depressions that were subsequently or penecontemporaneNance, 2009b). Other features are purely epigene in origin,
ously filled with Quaternary alluvium (Malley and Huffington,
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Figure 21. Location and distribution of large subsidence structures
throughout the Delaware Basin. Note relationship of eastern subsidence features to subsurface location of the Capitan Reef, the relationship of subsidence features to the Pecos River, and the absence of a
relationship to the large central subsidence and southern-most subsidence areas that do not exhibit a strong relationship to other regional
features; these subsidence areas are postulated to have formed in
association with the ancestral Rio Grande.

1953). These features likely formed as intrastratal dissolution
was driven by brine-density convection with a forced convection component towards the potentiometric low of the
persistent Pecos River (Stafford et al, 2009a). Some of these
subsidence features may have also developed along the ancestral Rio Grande, which is postulated to have also flowed across
the Delaware Basin as a tributary to the Pecos River during the
Neogene (Thomas, 1972).
The processes outlined above are likely still active today. Hydrocarbons are still migrating updip through the clastics of the
Delaware Mountain Group at the base of the Ochoan evaporites. Brine-density convection is likely still active over the
downdip margins of the Capitan Reef and within the basin
interior associated with the Pecos River; however, in both of
these occurrences the degree of intrastratal dissolution is likely
less than in the past because of reduced groundwater and
surface-water flow resulting from anthropogenic withdrawals.

CONCLUSION
The Ochoan evaporite sequences of the Delaware Basin are
riddled with hypogene karst features, ranging from hypogene
caves and intrastratal brecciation to extensive diagenetic alteration associated with calcitization, selenitization, and native sulfur emplacement. The Castile Formation is the only evaporite
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unit to crop out significantly within the region. However, the
cave and karst processes documented within it clearly show a
dominance of hypogene processes in the diagenetic and speleogenetic evolution of the region, even when considering the
epigene processes that are actively overprinting the region. Intrastratal brecciation and associated subsidence features attest
to widespread hypogene dissolution driven by brine-density
convection (free convection) throughout the Castile, Salado,
and Rustler formations of the region. Regional, upward migration of hydrocarbons has both complicated and assisted karst
development within the Delaware Basin, creating a complex
diagenetic system. The relative position of the Pecos River
has likely contributed to a significant portion of the hypogene
karst development as it has been a persistent potentiometric
low that has migrated across the region since the Paleogene,
providing a major driver for upward migration of solutionally
aggressive fluids.
More detailed studies need to be conducted on evaporitekarst development throughout the Delaware Basin as oilfield
activities increase within the region and water resources
become more scarce with increasing anthropogenic pressures. Poor casing and mismanaged brine wells have resulted
in several anthropogenic collapse structures within the region
(Johnson et al., 2003; Powers, 2003), while the nation’s only active radioactive waste repository (WIPP–Waste Isolation Pilot
Plant) is located at a depth of 655 m in the Salado Formation
(Lorenz, 2006). Currently, research in the region is limited by
the remote nature of the area and low population density;
however, all investigators that have studied in the region can
attest to the plethora of research that still needs to be conducted and of the numerous caves that have been documented
but have yet to be humanly entered and physically studied.
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Abstract

hypogene karst throughout the Stockton Plateau. This region
of Texas remains poorly studied in karst science and future
research in the area should help to unravel the complexities of
differentiating deep phreatic origins from hypogene origins in
karst terrains.

Karst development is widespread but relatively poorly documented throughout the Stockton Plateau. Amazing Maze Cave
in Pecos County is a classic example of a multi-storey maze
cave formed by hypogene processes in Cretaceous carbonates
with significant accumulations of secondary gypsum and minor amounts of other secondary minerals (e.g. sulfur, alunite,
Introduction
carnotite, etc.) that provide support for dissolution processes
The Stockton Plateau is located within the Trans-Pecos
that are coupled with both hydrothermal fluids and ascendregion of Texas and is the westward extension of the Edwards
ing light hydrocarbons. Extensive karst development has been
Plateau where contemporaneously deposited Cretaceous cardocumented within the petroleum reservoir of the Yates Field
bonates have been hydrologically separated by incision of the
in Guadalupian carbonates where spatial distribution and secPecos River. Further west, carbonate rocks of the Stockton
ondary minerals documented through core analyses attest to
Plateau grade into those of the Toyah Basin with an anticlinal
hypogene processes that likely occurred syndiagenetically with
structure that creates a groundwater divide, hydrogeologically
petroleum emplacement in northeastern Pecos County. The
separating the two portions roughly north to south through
Langtry area in western Val Verde County contains numerous
central Pecos County; incision of the Rio Grande forms the
caves that were reported in the mid to late twentieth century
southern boundary of the Stockton Plateau (Barker and Ardis,
as originating from deep phreatic processes, but general cave
1996). The Stockton Plateau includes Terrell County and
descriptions and extensive gypsum deposits suggest that
portions of Pecos, Brewster and Val Verde counties and is
many of these may have hypogene origins. Throughout Tersparsely populated; towns include Bakersfield, Iraan, Langtry,
rell County, numerous caves appear to be at least partially, if
and Sheffield but no major cities (Fig. 1). The largest populanot fully, related to hypogene process but recent and current
tion center in the area is Fort Stockton, located within the far
epigene processes have significantly modified many of these
eastern portion of the Toyah Basin, just west of the water
features.
divide and beyond the Stockton Plateau.
Ample evidence exists throughout the Stockton Plateau
for widespread hypogene speleogenetic processes; however, because our understanding of hypogene processes has
evolved in recent decades, many caves in the area should
be re-investigated to better understand the complexities of
karst development across the region. The entrenchment
of the Pecos River at its current location since the Paleogene and Rio Grande entrenchment since the Neogene
provide major, long-term potentiometric drivers in the
region. Tectonism related to Laramide compression and
Basin and Range extension provide the structural framework that dominates passage development, while elevated
geothermal gradients originating from Basin and Range
extension has provided the mechanism for hydrothermal
processes across the region. Hydrocarbon maturation
and mobilization throughout the Permian Basin provides
further geochemical enhancement to hypogene speleogenesis throughout the Stockton Plateau. While Amazing
Maze Cave and the Yates Field are the only karst features
Figure 1. Stockton Plateau within the Trans-Pecos region of West Texas with
in the area that have been extensively studied in relation
delineation of surficial geology between Cenozoic clastics and Cretaceous
to modern karst theories, previously documented features carbonates. Blue letters indicate approximate location of caves: A) Amazthat were often considered problematic in relation to their ing Maze Cave; B) Ess Cave; C) Blackstone Cave; D) Longley’s Cave; and E)
speleogenetic origins can likely be better explained as
Outlaw Canyon Cave.
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As an extension of the Edwards Plateau, the region shares
similar characteristics of Cretaceous strata, forming gently
rolling uplands while the regional physiogeography is affected
by proximal mountains, specifically along the southern margin
in Big Bend country. The climate is semi-arid, with an average
of 37.8 cm precipitation and an average annual temperature of
19.8° C; average minimum and maximum temperature is 12.5°
C and 27.2° C, respectively (Estaville and Earl, 2008). Precipitation occurs largely in late spring and summer months, when
evapotranspiration generally exceeds precipitation; however,
intense storms during these months can provide significant
groundwater recharge in local regions where alluvium is present. The region is largely isolated from any major urban area
and is dominated by large ranches and petroleum production;
limited agriculture occurs in the region where aquifer systems
are sufficient to sustain irrigation.
Because of location and limited access, the region remains
one of the least studied karst regions in the state. Only 68
caves have been documented in the region by the Texas Speleological Survey, most of which were documented during the
mid to late 20th century (Texas Speleological Survey, 2015).
Currently, limited karst exploration and research is being
conducted in the area, with the exception of Amazing Maze
Cave and karst associated with petroleum reservoirs (e.g. Yates
Field). Karst exploration in the region indicates that there
is significant karst potential, especially in the Langtry area,
suggesting that this region warrants greater study. Therefore,
this report focuses on the speleogenesis of Amazing Maze
Cave and the Yates Field as the two most studied aspects of
the Stockton Plateau, and presents general theories on karst
development in other portions of the Stockton Plateau based
largely on published and unpublished data from the Langtry
area and Terrell County.

Geologic Setting
Documented caves within the Stockton Plateau all occur within Cretaceous carbonates, primarily Edwards Group
strata; however, karst hydrocarbon reservoirs occur within
Permian units at shallow to intermediate depths within the
region, primarily within Guadalupian carbonates. The geologic
history of the region is complex, having been affected by multiple tectonic events, while the region has been hydrologically
isolated for tens of millions of years by the incision of the
Rio Grande and Pecos River (Thomas, 1972). The Stockton
Plateau, as a physiographic province, crosses several geologic
zones associated with the Permian Basin (Fig. 2). The northern portion coincides with the southern margin of the Central
Basin Platform and extends across the Sheffield Channel
into the Marathon Fold and Thrust Belt region. The western
boundary coincides with subsurface occurrence of the Capitan
Reef, while the southern and eastern boundaries are related
to fluvial incision of the Rio Grande and Pecos River. While
documented caves in the Stockton Plateau occur in Cretaceous
carbonates, the geologic history of the greater Permian Basin
region is summarized below because of the implications of
the structural history of the region on speleogenetic processes.
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Figure 2. Major Permian Basin structures in relation to the Stockton Plateau. Note that mountains labeled 1, 2, and 3 are surficial
outcrops of the Capitan Reef exposed in the Guadalupe Mountains,
Apache Mountains, and Glass Mountains, respectively.

The development of the Stockton Plateau effectively began
with late Proterozoic rifting that lead to the formation of the
precursor to the Permian Basin, the Tabosa Basin, as an interior sag of the regional continental margin of Laurentia (Hills,
1984). The Tabosa Basin formed a large, broad, low relief
basin throughout the early to mid-Paleozoic as a continental
passive margin. Sedimentation altered between continental
clastics and shallow-water carbonates throughout the first half
of the Paleozoic (Markello and Sarg, 1996), including deposition of Ellenburger carbonates that are known to host significant petroleum reserves in west Texas, and host abundant
karst development within central Texas (see chapter on “Karst
of the Paleozoic Aquifer System: Llano Region, Texas”).
The onset of the Ouachita-Marathon-Sonoran Orogeny
in the mid to late Mississippian marked a transition from
passive margin deposition as the region was exposed to
subaerial erosion along with broad gentle uplifts (Hills, 1984).
By Pennsylvanian time, the Marathon thrust belt produced
northeast-southwest aligned foreland basins which subdivided
the Permian Basin into the Delaware and Midland basins with
uplift of the Central Basin Platform horst structure. Deformation resulted primarily from right-lateral shear stresses
that reactivated basement faults trending north-northwest/
south-southeast, forming uplifts with sub-parallel geometries
to thrust direction (Tai and Dorobek, 2000). Deposition was
continuous throughout continental collision, suggesting little
subaerial exposure by Pennsylvanian time as the foreland
basins deepened; deposition was highly variable, as was basin
subsidence, ranging from hundreds of meters to more than
1500 m-thick sequences between orogenic initiation and early
Permian (Markello and Sarg, 1996).
Early to mid-Permian Leonardian and Guadalupian deposits
(i.e. strata that host the Guadalupe Mountains caves in New
Mexico—see chapter titled “Postulated Origin of Carlsbad
Cavern, Lechuguilla Cave, and other Hypogene Caves, Guadalupe Mountains, West Texas and Southeastern New Mexico”)
was dominated by carbonate reef and shoal accumulations
along the margins of the basins and Central Basin Platform,
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while inland back-reef facies of interbedded carbonates,
evaporites, and siliciclastics were being deposited (Scholle, et
al., 2004). The Hovey Channel maintained circulation with
open marine conditions through the southwestern corner of
the Delaware Basin, while the Midland Basin was connected
to the Delaware Basin through the Sheffield Channel at the
southern tip of the Central Basin Platform (Fig. 2). Basin interiors experienced significant clastic infilling throughout this
time as episodic lowering of sea-level enabled continental sand
sheets to migrate across the shelves to be deposited within
basin interiors (Scholle, et al., 2004). By late Permian, climatic
change and carbonate reef growth restricted basin connectivity resulting in a shift to evaporite deposition which dominated
throughout the Ochoan (Hill, 1996). These evaporite sequences filled the basin interiors and capped the surrounding reef,
shelf, and platform margins providing seals for subsequent
hydrocarbon maturation and entrapment. Late Ochoan sedimentation is marked by subaerial exposure and deposition of
continental red beds during the final assimilation of Pangaea
(Horak, 1985).
Continental rifting of Pangaea was initiated in the Triassic
as the ancestral Gulf of Mexico began to open (Horak, 1985).
Throughout the Triassic and Jurassic, the region was subaerially exposed as surficial drainages transitioned from a northwesterly flow into late Paleozoic Basins to a southeasterly flow
towards the Gulf of Mexico. A definite break in sedimentation is marked across all four regimes (Delaware Basin, Central
Basin Platform, Midland Basin, Eastern Shelf) between the
upper Triassic and Comanchean Series, suggesting no Jurassic
sedimentation either existed or remains (Ball, 1992). During
the Cretaceous, Comanchean sedimentation marks a transitional return to marine deposition within the Trans-Pecos
region, initially with the Trinity Sandstones that were subsequently capped by Fredericksburg carbonates (Barker and
Ardis, 1996). These carbonates were deposited on a shallowwater shelf and capped by Washita strata, which have largely
been removed by surface denudation from the region today.
Late Paleozoic into early Paleogene tectonism associated
with the Laramide Orogeny resulted in uplift of the Stockton Plateau, subaerially exposing the region throughout the
Cenozoic (Horak, 1985). Laramide uplift totaled approximately 1200 m locally as weak compression was exerted across
the region; early Laramide compression resulted in northwest faulting and fracturing while later phase compression
produced east-northeast folds and fractures (Horak, 1985).
Neogene Basin and Range extension uplifted the region even
greater, while producing crustal thinning, rifting, and igneous
dike emplacement throughout the Trans-Pecos region, increasing geothermal gradients as high as 40-50° C/km (Barker
and Pawlewicz, 1987). The western portions of the Delaware
Basin experienced the greatest uplift (approximately 2750
meters) through Laramide and Basin and Range deformation,
while the effects of deformation are less pronounced toward
the east across the Delaware Basin, Central Basin Platform,
and Midland Basin.
Since the Proterozoic, the region has been subjected to multiple deformation events and associated subaerial exposures.
Tectonism has resulted in deep-rooted faults that propagate
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throughout the region, while late Paleozoic evaporites provide
ideal conditions for the entrapment of maturing hydrocarbons. Throughout the Cenozoic, the region has geomorphically evolved as subaerial exposure shaped the region. The Pecos
River has been entrenched along the eastern margin of the
Stockton Plateau since the Paleogene, although its headwaters
in New Mexico shifted northward until the last few million
years, while the Rio Grande has been entrenched along the
southern border of the region since the Neogene (Thomas,
1972).

Karst of the Stockton Plateau
Karst development within the Stockton Plateau is poorly
documented, although more than two dozen springs are
known across the region, less than one hundred karst features
have been documented by the Texas Speleological Survey,
with nearly half of these being shelter caves formed along
the Pecos River or small solutional features intercepted during quarry or road construction (Texas Speleological Survey,
2015). Karst porosity is routinely reported from petroleum
drilling operations within the northern Stockton Plateau, but
with the exception of Yates Field these data are sparse. The
Langtry area in the southeastern corner of the Stockton Plateau contains the largest concentration of known caves within
the region, but studies in this region remain very limited since
their original discoveries in the mid-twentieth century.
Amazing Maze Cave
Klimchouk (2007) recognized Amazing Maze Cave (AMC)
as a classic example of a multi-storied maze cave (Fig. 3)
formed by hypogene processes, including well-developed
morphological features and secondary mineralization (Fig. 4).
AMC was discovered in the 1970s during the construction of
Interstate 10 through Pecos County. The roadcut entrances

Figure 3. Simplified plan view map of Amazing Maze Cave (modified from Byrd, 2013).
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tary, Tunis Creek runs
near-parallel to Interstate
10, approximately 1.5 km
south of AMC. Tunis
Creek is an ephemeral
stream today, but it likely
had flow rates significantly higher prior to
the heavy groundwater
extractions within the
region over the past
century, similar to the
behavior of many of the
springs in the Stockton
Plateau (Barker and
Ardis, 1996).
Amazing Maze Cave
is developed in the
Fort Terrett Formation
of the Fredericksburg
Group (Fig. 6), which
was deposited in open
shallow-marine to openshelf environments that
were transitional with
shallow-marine deposition on the Central
Basin Platform to the
east and with shallow,
open lagoon deposition
Figure 4. Amazing Maze Cave features: A-C) typical hypogene morphologies seen throughout Amazing Maze
of the Finlay FormaCave; D) large gypsum mass filling floor of cave passage; E) coraloids; F) “endellite” deposits; G) carnotite; H)
tion to the west (Toyah
fracture skin. White scale bars are approximately 1 m; black scale bars are approximately 10 cm.
Basin) (Barker and Ardis,
1996). At AMC, the Fort Terrett Formation consists of thinwere grouted by the Texas Department of Transportation
to massive-bedded, partially to fully dolomitized micrite and
and the current cave entrance, which is gated, was excavated
biomicrite (Fig. 7). The main level of the cave is developed in
through a sediment-filled passage. The cave contains more
a laminated, dedolomitized sparse biomicrite with the primary
than seven kilometers of passages developed across at least
upper confining unit of the cave appearing to locally correlate
ten meters of strata in four stratigraphically-controlled horizons, with a main level partially filled with gypsum where the
with finely-crystalline, dolomitized micrite into which only
majority of the cave has been documented, an upper level,
and two lower levels that are largely filled with sediments
(Byrd, 2013). Passages are linear, following dominant joints
and fractures with widths averaging one to two meters and
similar passage heights; however, passages are often filled with
secondary minerals, collapsed regions, and sediments. Levels
are connected through restricted fissures and domepits where
ascending fluids migrated vertically during speleogenesis.
Amazing Maze Cave is located approximately 32 km east
of Fort Stockton and positioned over the southern edge of
the Central Basin Platform (Fig. 5), overlying the platform
slope that extends into the ancestral Sheffield Channel. The
Taylor Link, Walker, and White Baker oil fields lie just east of
AMC and produce hydrocarbons from the upper 15 m of the
Permian San Andres Formation (Ball, 1992). Hydrologically,
the proximal region is dominated by the Pecos River which
has been persistent in the region since the early Paleogene
Figure 5. Location of Amazing Maze Cave, Ess Cave and local hydro(Thomas, 1972), with the closest river segment approximately
carbon fields in relation to major hydrologic features in Pecos County
(modified from Byrd, 2013).
22 km north-northeast of AMC. A significant ancestral tribu-
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~N60° W (Fig. 8), which correlates
well with Laramide compressional
tectonism throughout the region.
Secondary minerals are common
throughout AMC but most are not
typical vadose speleothems associated with epigene karst or epigenic
overprinting of hypogene karst,
although some do exist, including
limited flowstone and coralloids (Fig.
4E). Instead, most of the secondary
minerals documented in AMC appear
to have been penecontemporaneously
deposited during cavernous porosity
development (Byrd, 2013). Gypsum
is the most common and is extensive,
forming large masses that often nearly
fill cave passages (Fig. 4D). Gypsum
masses generally consist of more
than 90% gypsum, minor amounts of
calcite, and up to 10% quartz, likely
originating as the insoluble fraction
of the Fort Terrett Formation (Byrd,
2013). Isotopic analyses of δ34S show
Figure 6. Stratigraphy of major carbonate sequences in the Trans-Pecos region (modified from
that gypsum masses fall within a range
Barker and Ardis, 1996).
of -3.3 to 5.3 (mean=2.0; n=24), which
minor cave development extends (Byrd, 2013). Allochems, inis within the upper range of reported values for secondary
cluding well-preserved, shallow-marine fossils, appear as small
gypsum formed by sulfuric acid dissolution within caves of
pendant structures on walls and ceiling throughout AMC as
the Guadalupe Mountains (i.e. Carlsbad Cavern, Lechuguilla
a result of preferential dissolution, while joints and fractures
Cave), but falls within the transitional boundary between secexhibit lateral widening. Overlying strata that would have creondary sulfate minerals formed by bacterial sulfate reduction
ated greater confinement have been removed locally by surface
and thermal sulfate reduction (Byrd, 2013).
denudation. Cave passages are oriented along joint and fracKlimchouk (2007) identified endellite as a red to purple
ture sets, with dominant passage orientations of ~N55° E and
secondary clay mineral in AMC (Fig. 4F); however, subsequent work utilizing XRD (X-Ray Diffraction) and EDS
(Electron Dispersive Spectroscopy) by Byrd (2013) could not
confirm the presence of endellite. Consequently, Byrd (2013)
did identify a suite of
exotic secondary minerals, including carbonate
hydroxyl-apatite, carnotite, gibbsite, goethite, hematite, jarosite,
kaolinite, microcline,
montmorillonite, natroalunite, and native sulfur
as minor occurrences
throughout the cave.
The carbonate hydroxylapatite is somewhat of an
anomaly forming mostly Figure 8. Rose diagram of passage
orientations in Amazing Maze Cave
as fracture crusts in the
(cave passages are developed primarceiling during late-stage
ily along fractures and joints). For
epigenic overprinting. It
analyses, cave passage orientation
is believed to be sourced lengths were weighted into five-meter
from leached phosphates segments with passage segments less
Figure 7. Local stratigraphy and associated horizons of cave developassociated with the over- than three meters not incorporated for
analyses (n=1351).
ment for Amazing Maze Cave (modified from Byrd, 2013).
lying Buda Limestone.
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Kaolinite occurred in high concentrations in several samples
from AMC, including features that have been called “manganese snakes” that are up to several centimeters in diameter
and extend along passage margins for tens of meters that also
developed during late stage epigenic conditions. Kaolinite has
been documented to occur as a weathering byproduct of silicates, such as those that compose the insoluble fraction of the
Fort Terrett in acidic conditions (Hill and Forti, 1997). Alunite
and natroalunite were each documented in two samples and
are primary indicators of sulfuric acid speleogenesis, while
montmorillonite occurrences in AMC likely represent a secondary conversion of alunite in the presence of Mg-rich fluids
(Hill and Forti, 1997). Carnotite appears as a yellowish, wall
veneer (Fig. 4G), within the north and northeastern portions
of the cave, suggesting that uranium- and vanadium-rich ore
deposits deeper in the subsurface had been mobilized and
introduced into the system along elevated thermal gradients.
The presence of goethite and carbonate hydroxyl-apatite,
primarily within fracture skins in ceiling joints (Fig. 4H), likely
represent late-phase, epigenic overprinting within AMC.
Amazing Maze Cave is a classic hypogene, multi-storey
cave system developed along joints and fractures produced
by Laramide compression in the Fort Terrett Formation. The
widespread occurrences of gypsum masses, with associated
isotopic analyses, and a suite of exotic secondary minerals suggest the cave was formed by ascending waters that were thermally elevated and mixed with light hydrocarbons, likely from
Permian strata hosting petroleum resources in the subsurface
(Byrd, 2013). Effectively, AMC was formed in conditions very
similar to those of the caves of the Guadalupe Mountains, but
in Cretaceous, shallow-marine strata instead of Permian reef
facies. While elevated geothermal gradients associated with
Basin and Range extension likely fueled density convection
flow in this hypogene system, the persistent potentiometric
low of the Pecos River, and the associated tributary of Tunis
Creek, likely provided the regional mechanism for forced
convection. AMC is a unique cave in the Stockton Plateau, but
it likely represents only one of many proximal hypogene caves
that probably exist in the immediate region. Small solutional
features observed within several kilometers of AMC in road
cuts along Interstate 10 suggest that the phenomenon is more
common, at least locally.
Yates Field
The Yates Field is located in eastern Pecos County and has
been known as a karstic petroleum reservoir since early in its
production history (Hennen and Metcalf, 1929; Adams, 1930);
drilling over the last century has continuously intercepted cavernous porosity, often recognized by bit drops and sustained
very high flow rates. Coring operations in the 1970s documented numerous zones of vuggy and cavernous porosity,
extensive secondary mineralization, and sediment fills. Craig
(1988), Tinker and Mruk (1995), and Tinker et al. (1995) characterized the karst development as paleokarst associated with
eogenetic, coastal diagenesis that formed penecontemporaneously with Permian deposition. Recent work (Stafford et al.,
2008, 2009) indicates that karst development in the Yates Field
is likely of hypogene origins and that the models presented 20
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to 30 years ago by other researches reflects evolving theories
of karst science.
The field was discovered in 1926 when the first well was
drilled to a depth of 302 m and produced 540 bopd (barrels
of oil per day); however, oil had been suspected in the region
a decade earlier based on reports of oil seeps along the Pecos
River (Marathon Oil Company, 1973). By 1929, more than 200
wells were producing from the field with 41 million barrels
of production per year. In 1930, the Transcontinental-MidKansas Oil Co. I. G. Yates Well #30A was drilled producing
204,672 bopd, setting a world record. Throughout the Great
Depression production declined, but peak wartime needs
raised oil production from the Yates Field to 18 million barrels in 1948 (Levine et al., 2002). The Yates Field was unitized
in 1976 to preserve reservoir pressure and stabilize the oil
column. Secondary extraction techniques were subsequently
implemented over the following decades, including nitrogen
and carbon dioxide flooding. Currently, the Yates Field is
operated by Kinder Morgan and includes nearly 2000 wells of
which approximately 35% are actively producing. The oil window has been stabilized at approximately 310 m depth with
an oil column thickness ranging from 7 to 25 m thick with a
well-developed gas cap (Stafford, 2008).
The Yates Field is located on the southeastern tip of the
Central Basin Platform within a structural high of the San
Andres Formation (Fig. 9). The field covers ~106 km2 with
production from Guadalupian strata, including the San Andres, Grayburg, Queen, and Seven Rivers formations (Fig. 10).
The Yates Field is bounded to the east by the Midland Basin
and the south by the Sheffield Channel, while the Central
Basin Platform extends to the north and west. Ochoan deposits capped the region with an extended period of subaerial
exposure throughout the early and middle Mesozoic. Laramide
compression uplifted and fractured the region, while Neogene
Basin and Range extension reactivated previous compressional
fractures throughout the region and increased geothermal
gradients, enhancing hydrocarbon maturation (Barker and
Pawlewicz, 1987).
The highest oil production of the Yates Field is from the
San Andres Formation, which is primarily dolomite and up
to 229 m thick in the field area (Levine et al., 2002). The San
Andres is divided into two facies locally, an Eastside component consisting of subtidal packstone facies, with a lesser
grainstone component, and a Westside component consisting
of restricted subtidal mudstone to wackestone facies (Fig. 9)
(Tinker and Mruk, 1995). The overlying Grayburg Formation is a 16 m-thick, silty dolomite capped by the 14 m-thick
dolomitic to subarkosic Queen Formation. Unconformably
overlying the Queen Formation is a 130 m-thick sequence of
gypsum/anhydrite of the Seven Rivers Formation with minor
interbeds of subarkosic sandstone, siltstone, and silty dolomite
that was deposited as sabkha or salina facies (Wessel, 2000a,b).
Overlying strata include Ochoan evaporites and unconformable Cretaceous clastics and carbonates capped locally by
Cenozoic alluvium.
The Yates Field is centered along a crescent-shaped structural high that is easily visible at formational contacts of the
San Andres, Grayburg, Queen, and Seven Rivers formations
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(Stafford et al., 2008). The anticlinal structure dips more
steeply (3-5°) on the eastern and southern sides of the field
towards the Midland Basin and Sheffield Channel, respectively.
To the north and west, the structure dips gently (0-1°) toward
the Central Basin Platform. San Andres facies composition
suggests that the Westside component of the Yates Field has
undergone greater compaction than the Eastside component,
which is supported by thickening of overlying Permian strata
(Stafford, 2008); however, only three wells have been drilled
through the entire San Andres sequence, thus data do not exist
to fully determine if the structure is solely the result of differential compaction or if it is associated with regional tectonic
deformation.
Cavernous porosity within the Yates Field has been characterized in various ways (e.g. Craig, 1988; Tinker and Mruk,
1995; Stafford, 2008). Bit drops provide obvious, direct
indication of cavernous porosity, but caliper and density logs,
as well as physical core analyses, provide additional information of karsted zones, especially smaller karst porosity that
may not be detected or reported during drilling operations.
Significant gauge divergence on caliper logs indicate cavernous
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porosity or zones of brecciation in competent strata, while
low density measurements from wireline logs indicate regions
of high porosity. Core analyses provide physical evidence of
secondary mineralization, brecciated zones, and unrecoverable “rubble zones” in high porosity regions. Initial studies on
cavernous porosity (Craig, 1988) used bit drops as an indication of cavernous porosity, but more recent studies (Stafford,
2008) excluded these data in favor of log analyses because of
the inconsistency in reporting bit drops by different drilling
operations over the past century; similarly, core data were not
utilized for spatial distribution analyses of karst development
in later studies because of the sparse coverage of core data
because of the high cost of core extraction.
Based on log analyses, 1566 individual cavernous zones
with an average height of 1.2 m have been documented in the
Yates Field (Stafford, 2008). These data indicate that maximum karst development occurs within the Eastside facies of
the San Andres Formation along the crest of
the anticlinal structure
that dominates the field

Figure 9. Yates Field: A) location of Yates Field with reference to the Pecos River, the Toborg Field, the
subsurface Salado Halite dissolution boundary, and boundary between Eastside and Westside portions
of Yates Field; B) structural top of San Andres Formation; C) cave density below 335 m asl; D) cave density between 335 and 366 m asl; E) cave density between 366 and 396 m asl; and F) cave density above
396 m asl (modified from Stafford, 2008).

Figure 10. Simplified stratigraphic section for the Yates Field area including
stratigraphic location of the petroleum
reservoir rocks of the Yates Field and
overlying Toborg Field (modified from
Stafford, 2008).
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to have occurred widely in the
subsurface of the Central Basin
Platform during the Guadalupian as a result of brine reflux
(Leary and Vogt, 1986), likely
associated with compaction and
dewatering during early burial
diagenesis. Vuggy to cavernous porosity and solutionally
enlarged fractures appear to be
diagenetically related and have
been correlated to lineament
trends of N50° W and N40°
E with some variability (Craig,
1988; Tinker and Mruk, 1995).
Karstic porosity contains multiple generations of secondary
infilling and cementation, with
the most complex pore structures containing fine-grained,
clastic sediments (primarily dolomitic silt and mud with a small
component of quartz silt and
clay) as basal drapes (Fig. 11B)
that are covered by banded dolomites with the remaining pore
space filled with calcite spar.
Numerous vuggy zones exhibit
subaqueous, speleothem mineralization that is morphologically
complex because of abundant
Figure 11. Karst features and secondary mineralization in Yates Field core samples: A) vuggy porosity
matrix pendants (Fig. 11C). Less
with secondary calcite spar; B) solutional void with clastic sediment basal drape; C) subaqueous speleocommon secondary minerals
thems with complex morphologies and bedrock pendant structures; D) native sulfur in rubble zones; E)
have been observed, including
diagenetic albite in vugs; and F) breccia in solution void (note hydrocarbon staining). Scale bars ≈ 1 cm.
native sulfur in rubble zones
(Fig. 11D), diagenetic albite in vugs (Fig. 11E), and pyrite. Rare
(Fig. 9B); however, karst development does extend into the
occurrences of metal sulfides (e.g. galena and sphalerite) have
Westside facies of the San Andres and into overlying strata of
been reported from cores within the study area (Mike Uland,
the Grayburg, Queen, and Seven Rivers formations (Fig. 9).
2006, personal communication) but have not been confirmed.
Below 335 m asl (above sea level), karst development is highly
Additionally, uranium enrichment occurs throughout the Yates
clustered and does not show any distinct relationship to strucField.
ture or facies within the Yates Field area (Fig. 9C). From 335
Zones of brecciation are common throughout the Yates
to 366 m asl, karst development is widespread throughout the
Field (Fig. 11F), including chaotic breccia, mosaic breccia, and
field with a distinct shift with greater abundance toward the
fracture breccia which have resulted from void collapse and
structural high and Eastside facies of the Yates Field, although
subsequently produced vertical transmissive zones. Largesignificant karst development does persist in Westside facies
scale collapse structures exist within the Yates Field that can
(Fig. 9D). From 366 to 396 m asl, the shift in karst abundance
be traced in petrophysical and geophysical data across the
continues (Fig. 9E), with regions of the field above 396 m asl
boundaries of the San Andres, Grayburg, Queen, and Seven
showing karst primarily concentrated at the top of the strucRivers formations (Stafford et al., 2008). These breccia pipes
tural high within the Yates Field (Fig. 9F) (Stafford, 2008).
exhibit the highest levels of enrichment on gamma ray logs,
Nearly 7000 m of conventional core have been collected
suggesting that uranium-rich fluids diagenetically altered much
from the Yates Field from 149 wells, many of which provide
of the host rock.
diagenetic evidence indicative of the speleogenetic evolution
Recent advances in karst science and the widespread recof the San Andres and overlying Guadalupian strata (Stafford,
ognition of hypogene dissolution processes likely provides
2008). Karst features include brecciation, void-filling clastic
a better model for subsurface karst development within the
sediments, banded dolomite, calcite spar, and other unique
Yates Field and can better account for the total variation in
mineralogies (Fig. 11). Yates Field carbonates were deposited
karst development observed. Early models used reciprocal
as limestone facies that have undergone multiple periods of
reasoning to account for eogenetic karst, where the presence
dolomitization (Tinker and Mruk, 1995), which is believed
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of karst porosity indicated the region was syndepositionally
exposed subaerially and that if the region was syndepositionally exposed subaerially then the karst was formed by fresh
water/salt water mixing (Craig, 1988; Tinker and Mruk, 1995).
However, no unequivocal evidence of subaerial exposure has
been documented within the Yates Field, such as paleosols and
root casts like those that have been documented in Leonardian facies of the North Robertson Unit (Gaines County,
Texas) in the northern portion of the Central Basin Platform
(DiMichele et al., 2000). The presence of grainstone deposits
in the Eastside facies does indicate high-energy, shallow water
deposition, but does not definitively indicate that the region
was subaerially exposed or that a freshwater lens developed.
Instead, the spatial distribution of karst development crosses
the Eastside/Westside facies boundary and exhibits increasing
porosity development along the crest of the anticlinal structure that dominates Yates Field (Stafford, 2008). Further complimenting the spatial distribution is the reported N50° W and
N40° E high permeability flow paths reported by Craig (1988)
and Tinker and Mruk (1995) that align closely with regional
brittle deformation induced by Laramide compression.
Secondary minerals, brecciation, and uranium enrichment are consistent with elevated geothermal gradients and
transverse, hypogene speleogenesis. Isotopic analyses of the
dolomite host rock, banded dolomite, and calcite spar in the
San Andres indicate they are of differing origins (Fig. 12)
(Stafford, 2008). Comparison of δ13C (PDB) and δ18O (PDB)
indicates that dolomitized bedrock is similar to that reported
by Leary and Vogt (1986) as being formed by brine reflux,
while the values of calcite spar fall within the range of thermal
spar and hypogene spar formed through methane oxidation.
Banded dolomite speleothems are depleted with respect to
δ13C while δ18O levels are near that of the host rock, suggesting dissolution of host rock and subsequent precipitation
in the presence of light hydrocarbons. The sediment drapes
observed lining some solutional pores in the San Andres are
proximal to the contact with the overlying Grayburg Formation and likely represent the insoluble fraction derived from
focused dissolution at the San Andres/Grayburg contact (Stafford, 2008).

Figure 12. Isotopic analyses of dolomite host rock, banded dolomite
and secondary calcite spar from the core analyses of the Yates Field
(from Stafford et al., 2008).
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While ample evidence of hypogene speleogenetic origins
exists within the karst development and secondary mineralization of the Yates Field, additional features proximal to the
Yates Field provide collaborative evidence. Although poorly
studied, the Toborg Field is located on the north/northeastern
edge of the Yates Field in Triassic and Cretaceous strata at
a depth of 60 to 180 m (Stafford, 2008). Above the eastern
portion of the Toborg Field, and northeastern portion of the
Yates Field, a hypogene cave (Ess Cave) (Fig. 13) in surficial Cretaceous strata has also been documented. Ess Cave
contains the typical morphological suite of rising fluid features
(Fig. 13B), but is a relatively small three dimensional maze as
compared to Amazing Maze Cave. Ess Cave has a surveyed
length of 122 m and depth of 14 m (Stafford et al., 2008),
while recent surveys have revealed AMC to have more than
6917 m of surveyed passages at roughly 22.3 m of depth.
Current surveys are still ongoing in Amazing Maze Cave that
will undoubtedly reveal an increase in the overall length of the
maze, while increases in depth are not as certain (Elliott and
Veni, 1994).
The general location of the Yates Field with respect to the
overlying Toborg Field and Ess Cave, suggests that the Pecos
River, which has been positioned at its current location in this
area since the Paleogene (Thomas, 1972), provided the potentiometric low for forced convection. Laramide compression
created the fracture network through which the Yates Field
porosity structure is developed, while the anticlinal form of
the Yates Field created a boundary that favored fluid migration toward the crest. Increased geothermal gradients associated with Basin and Range extension likely provided thermal
energy for hydrocarbon maturation which was coupled with
syndiagenetic, hypogene karst development. While Seven Rivers evaporites provided semiconfinement to enable hypogene
karst development, overlying evaporites of the Salado Formation have been removed by dissolution locally over the Yates
Field (Fig. 9A), which would have reduced confinement and
enabled fluids to continue to propagate upward toward the
Toborg Field and Ess Cave in route to the potentiometric low
of the Pecos River.

Figure 13. Ess Cave; A) map of Ess Cave; B) entrance of Ess Cave
showing hypogene morphology (modified from Stafford, 2008).
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Figure 14. Geology of the Stockton Plateau portion of Val Verde
County, Texas, including location of the Langtry Area and spatial
distribution of known karst features within the area.

Langtry Area
The Langtry Area is not a formal region, but is
the area proximal to the town of Langtry in the
southeast corner of the Stockton Plateau, where the
Rio Grande and Pecos River are in close proximity
of each other and both are highly incised (Fig. 14);
however, it is recognized as a significant karst area
among Texas cavers because it contains some of
the deepest known caves in the state and has over
twenty caves documented within a ten kilometer
radius of the town of Langtry. All known caves
occur within the Devils River and Buda formations,
with extension locally in the Boquillas (Fig. 6). The
Devils River Formation is a reef facies deposited
on the southern margin of the Central Texas Uplift
that is locally dolomitized and brecciated, with bioherm mounds and rudistids commonly preserved
towards the top of the unit (Barker and Ardis,
1996). The Devils River Formation is overlain by
the Buda Limestone and Boquillas Formation. The
Buda is yellowish-grey limestone that can locally be
clay-rich; the Boquillas is a thin-bedded limestone,
siltstone and shale that is easily recognized by its
flaggy nature (Barnes, 1979).
Caves in the Langtry area often exhibit similar
characteristics and are primarily developed along
consistent joint/fracture trends of ~N20° E and
~N45° E, with local variations of ±10° (Kunath
and Smith, 1968). Caves are primarily developed in
the Buda and Devils River formations and collapse
of the overlying flaggy Boquillas Formation often
creates natural entrances (Elliott and Veni, 1994),
suggesting that many of the caves in the area did
not form as direct recharge features with solutional
sinks. Cave development appears to be focused in
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the Buda Limestone directly beneath the Boquillas contact
where domal dissolution features are often documented; a
feature characteristic of hypogene dissolution processes.
Cave development in the underlying Devils River Formation
generally consists of solutionally-widened fissures and lobate
rooms. Most caves in the Langtry area are relatively dry and
contain significant secondary gypsum deposits; however,
surface-derived sediments and occasional pools of water attest
to these features being recharge structures at least in the contemporaneous environment (Kunath and Smith, 1968). While
the presence of secondary gypsum is suggestive of hypogene
origins, isotopic analyses of these sulfates should be conducted to confirm that they are not derived from an epigenic
sulfate source.
Emerald Sink (Fig. 15), with a surveyed length of 503 m and
depth of 101 m, and Langtry Lead Cave (Fig. 15), with a surveyed length of 1053 m and depth of 106 m, exhibit the most
extensive cave development within the Langtry area (Elliott
and Veni, 1994). Both have entrances developed by collapse
of the Boquillas Formation; both have passage development
within the Buda Limestone that exhibits large scale domal
structures along solutionally widened fissures; both exhibit lin-

Figure 15. Simplified outline maps of caves in the Langtry Area, including Emerald
Sink, Langtry Quarry Cave, Langtry Lead Cave, Langtry Gypsum Cave and Langtry East Gypsum Cave (modified from Kunath and Smith, 1968).
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ear passage development interrupted by pit structures, domes,
and small rooms within the Devils River Formation (Elliott
and Veni, 1994). Emerald Sink appears to be more hydrologically active in the contemporary environment than Langtry
Lead Cave, with an entrance located on a ledge above a creek.
Emerald Sink likely takes significant volumes of water during
flood events; sediment throughout the cave and a sump at its
lowest depth support this hypothesis. The entrance to Langtry
Lead Cave is located in an arroyo and sediments within the
cave attest to surface derived waters having flowed through
the cave. While both caves do exhibit similar characteristics,
including general morphologies with solutionally-widened fissures that often narrow to impassable size, Langtry Lead Cave
also contains a documented maze area and numerous occurrences of secondary gypsum (Elliott and Veni, 1994).
Langtry Quarry Cave (Fig. 15) exhibits similar characteristics
to Emerald Sink and Langtry Lead Cave, but is not located adjacent to surface hydrologic features. It exhibits typical domes
and solutionally-widened fissures, but a thick clay fill is also
present in the upper portions of the cave that is significantly
desiccated and contracted from passage walls; secondary
gypsum, including selenite growth from the clay and ceiling
encrustations are present (Elliott and Veni, 1994). In contrast
to these “typical” caves of the Langtry area, Langtry Gypsum
Cave and Langtry East Gypsum Cave (Fig. 15) consists of two
parallel fissures that are solutionally widened and were intercepted by construction of US Highway 90, yet subsequently
filled during road widening (Kunath and Smith, 1968). The
two fissures narrow toward their tops, where the Buda Limestone is in contact with the Boquillas Formation, but widen up
to seven meters at their bases. Both caves eventually terminate
where the fissures become too small to be passable. The floors
of the caves are generally composed of small breakdown and
gypsum sand with the walls encrusted with thick slabs of
gypsum, including powdery flakes and numerous large crystals
(Kunath and Smith, 1968). The caves appear to be primarily
developed within the Buda Limestone, with the lowest portions extending into the Devils River Limestone.
The caves in the Langtry area have been traditionally described as deep-phreatic loops associated with fluid migration
to the Rio Grande (Kastning, 1983); however, none of these
caves have been physically re-investigated since the widespread
recognition of hypogene processes in the last decade. General characteristics of the caves suggest that the caves of the
Langtry area likely have a significant component of hypogene origins and secondary gypsum may be associated with
hydrothermal/hydrocarbon processes in the greater region.
Langtry Gypsum Cave provides a good example of significant
karst development within the region that is decoupled from
surficial processes. Being that the caves were intercepted, and
subsequently sealed through highway construction, other
small subsurface karst features with similar characteristics that
have also been intercepted in road construction in the area
exhibit similar origins. This region needs to be re-investigated
with respect to current concepts in karst science; however,
the remote nature of the location and limited land access has
precluded re-investigation of these sites as well as the limited
spatial analyses of the entire region. It is probable that the

61

known subsurface karst features in the area represent only a
small fraction of the total subsurface karst potential.
Other Karst Features of the Stockton Plateau
Documented karst development within the Stockton Plateau
is sparse, although the region contains some of the longest
and deepest caves within the state, as well as numerous shelter
caves along the lower Pecos River and Rio Grande that are
significant archeological sites (Elliott and Veni, 1994; Kunath
and Smith, 1968). Caves with relatively small entrances located
on horizontal ground with little or no associated drainage basin are common throughout the region, many of which drop
vertically and bell out into larger rooms. Consistently, caves are
developed along joints/fractures or as isolated chambers and
often contain secondary gypsum deposits, varying widely in
relative abundance from cave to cave. Many of the caves were
considered unique with “problematic hydrologic origins” in
the past that might be better explained by hypogene processes
if they were reinvestigated. Below are examples of some of
these individual features.
Blackstone Cave (Fig. 16) is located in northern Terrell
County within the Segovia Formation (Fig. 6). The entrance is
located on the side of a feeder canyon and slopes downward
to flat-floored rooms at a depth of approximately ten meters.
The cave effectively consists of three large chambers connected in series that range from three to six meters in height and a
level floor composed of guano. In the Second Room, a 10-m
dome leads to dead-end crawls, while the Third Room exhibits
a floor that appears to be subsiding, with connections between
all three rooms being short crawls. Calcite speleothems occur
in the First Room and Second Room, but the Third Room has
thick sheets of gypsum on the walls and floor (Kunath and
Smith, 1968).

Figure 16. Simplified outline maps of Blackstone Cave and
Longley’s Cave (modified from Kunath and Smith, 1968).
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Longley’s Cave (Fig. 16) is located in eastern Terrell County
within the Segovia Formation (Fig. 6). The cave entrance is
located on level ground and slopes downward to the upper
level of the cave, which drops into the lower level in several
locations. The cave is composed of several small rooms with
breakdown collapse and reaches a depth of ten meters. While
the cave is relatively small and typical of the region, it is
mineralogically unique with barite crystals found aligned along
joints in the lower levels (Kunath and Smith, 1968). Nearby,
small barite deposits have also been identified that appear to
be cave or sinkhole fillings. While barite precipitation can be
induced by different processes, it is most commonly reported
to occur with hydrothermal mineralization in other locations.
Outlaw Cave is located in south-central Terrell County
with solutional development at the contact between the Buda
and Segovia formations. The cave consists of a rift passage
oriented at N40° E with three levels of development separated by resistant interbeds; passages average 2.5 to 3.5 m wide
and 22 to 24 m tall. Cupolas, pendants, natural bridges, tubes,
wall fluting, and possible bubble train corrosion have all been
reported from the cave as well as weathered gypsum crusts
up to ten centimeters thick in alcove regions (Texas Speleological Survey, 2015). Within the entrance drop, the walls are
also coated with a thin, emerald green crust composed of yet
unidentifiable minerals attesting to unique mineralization that
needs further study. All of these features are supportive of
hypogene origins with vadose overprinting associated with
incision and breaching of the entrance area of the cave (Texas
Speleological Survey, 2015).
While individual caves provide evidence of hypogene karst
throughout the Stockton Plateau, the largest karst features in
the region are subsidence sinkholes documented by Freeman
(1968). Freeman mapped 175 subsidence structures within
24 km of the Rio Grande, including approximately a third
that formed circular structures ranging from 100 to 200 m
in diameter. The remaining subsidence features are elongate,
with widths similar to the diameter of circular structures but
often an order of magnitude or greater in length. Veni (2009)
indicates that these are part of a large conduit system that
likely formed during the Oligocene or Miocene. Today, these
features are not expressed at the surface as surface denudation
has removed geomorphic evidence of them; however, they are
recognized as collapsed rock within largely undeformed strata
(Veni, 2009). It is possible that these collapse features represent upward stoping of hypogene voids, but more intense
studies are needed to confirm their origins.

Conclusion
Karst development within the Stockton Plateau appears
to be sparse, but when encountered produces some of the
longest known caves in the state. Amazing Maze Cave and the
Yates Field petroleum reservoir have been well-studied and
provide ample evidence of well-developed hypogene processes. The Langtry area and other caves throughout the Stockton
Plateau suggest that hypogene processes are widespread, but
further study needs to be conducted in order to unravel the
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speleogenetic complexities. Additionally, the widespread reporting of extensive gypsum deposits as well as some unique
minerals, such as barite, may further support the potential of
widespread hypogene processes across the Stockton Plateau;
however, isotopic analyses need to be conducted on gypsum
deposits to confirm that they are not of epigenic origin.
The Stockton Plateau is a unique area in Texas. It has been
exposed to the tectonic effects of Ouachita, Laramide, and
Basin and Range deformation as well as elevated geothermal gradients associated with Basin and Range extension.
The widespread occurrence of hydrocarbons throughout
the Permian Basin extending into this region likely provide a
source for sulfuric acid waters that would inherently increase
hypogene dissolution and produce extensive secondary
gypsum deposits, in addition to other unique hydrothermal
and secondary hypogenic minerals. Coupling these regional
processes with the persistent potentiometric low of the Pecos
River since the Paleogene, and the Rio Grande since the Neogene, produces an ideal hydrogeologic setting for hypogene
karst processes in Cretaceous carbonates, in addition to more
deeply buried Paleozoic units.
The Stockton Plateau likely hosts some of the most extensive hypogene karst to be found in Texas; regrettably, the
remote location and limited land access to private ranches
over the past century has limited the extent of exploration
and has precluded extensive scientific studies on speleogenetic processes within the region. Many of the caves known
in the region have not been extensively studied since hypogene processes became widely recognized in the past decade.
Therefore, the Stockton Plateau should be one of the major
regions where subsurface karst research in Texas should
receive greater focus in the coming decades, especially as water
resources in this part of the state become scarcer.
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Abstract
Hypogene caves occur throughout much of the Edwards
Plateau. Most, and the best examples, are located in the
Central Edwards Plateau Karst Region and occur primarily
over the Canyon Sandstones natural gas fields situated mostly
beneath Crockett and Sutton counties, Texas. Mineralogical
evidence in Caverns of Sonora suggests that rising gases or
fluids from the Canyon Sandstones may have contributed
to the development of at least that cave and possibly others.
Additionally, this region coincides with the area where the
Del Rio Clay was not deposited. The absence of the Del Rio
allowed upward leakage of hypogenic water, creating groundwater circulation patterns that allowed the development of
hypogenic caves by water recharged in the western portion of
the Edwards Plateau. While the Del Rio Clay is present south
of the Sonora area around the Carta Valley Fault Zone, that
area’s deep and extensive faulting has promoted hypogenic
cave development, including the three most complicated maze
caves in Texas.
Karst aquifer development of the Edwards Plateau occurred in three main stages:
• Stage 1: pre-Miocene to Early Miocene. A period prior to
Balcones Faulting when the Edwards Limestone was buried under confining units and with minor development of
secondary permeability, primarily along its western margin
where the Edwards was first exposed.
• Stage 2: Middle Miocene to Late Miocene. Following
Balcones Faulting, groundwater circulation and cave development began along the Balcones Escarpment, in the
western part of the plateau, and by hypogene processes in
the central part of the plateau.
• Stage 3: Late Miocene to the present. Change from hypogene to epigene speleogenesis, accompanied by collapse
and speleothem development.
While some parts of the plateau show clear evidence of
hypogene development, others that show phreatic morphologies are not conclusively hypogenic. Additional work is needed
to better relate morphologic features to mode of origin, and
to refine the definition of hypogene speleogenesis.

Introduction
The Edwards Plateau is one of the largest karst regions in
the USA. It is located at the southern end of the Great Plains

Physiographic Province and is the most geologically distinct
region of the Great Plains. For a general review of the karst
of the Great Plains, see Veni (2009). The plateau is located in
central and west-central Texas and has a north-south width of
about 250 km and east-west length of roughly 500 km (see figure in “Introduction: Hypogene Karst of Texas”). Its eastern
and southern boundaries are delimited by the Balcones Fault
Zone, which extends east from Brackettville to San Antonio
and then northeast past Waco. Further to the west, the Rio
Grande marks the plateau’s southern border. Its western and
northern margins are irregular, occurring where the Edwards
and associated carbonate rocks pinch out or are eroded away.
Kastning (1983) provides an extensive geologic analysis of the
Edwards Plateau karst.
Broad, gently rolling uplands of carbonate rocks characterize much of the Edwards Plateau. The nearly flat-lying rocks
dip very gently to the south and southeast where the Plateau’s
margins are incised by streams to create the Texas “Hill Country.” Fractures are mostly joints, which are likely related to
regional uplift. Some joints are related to Balcones faulting to
the south and east while others are related to the Carta Valley
Fault Zone in the west-central part of the plateau, roughly 45
km north of Del Rio. Much of the plateau’s surface is bare
limestone or limestone covered with thin to patchy soils. Mean
precipitation across the Edwards Plateau ranges from about
35 cm/yr along its western boundary up to 80 cm/yr along its
eastern edge.
On the basis of stratigraphy and hydrology, and their
observed effects on cave development, Smith and Veni (1994)
divide the plateau into the following subregions: Devils River
Trend and Maverick Basin in its south-central area, Central
Edwards Plateau in the central and northern section, Stockton
Plateau for the area west of the Pecos River, Lampasas Cut
Plain in the northeast sector, and Isolated Edwards Outliers for erosional remnants located mostly northwest of the
plateau and within the Balcones Fault Zone to the plateau’s
south and east (see figure in “Introduction: Hypogene Karst of
Texas”). The Llano Uplift is often included in discussions of
the Edwards Plateau due to its proximity (e.g. Kastning, 1983),
being surrounded by the plateau to the east, west, and south,
but it is a geologically distinct area. This chapter focuses on
the Central Edwards Plateau and Isolated Edwards Outliers
subregions. This chapter also includes the Lower Glen Rose
Karst Region, located at the southeast corner of the Edwards
Plateau and which was treated as a separate karst region by
Smith and Veni (1994). Unless otherwise noted, descriptions
of caves below are based primarily on Elliott and Veni (1994).
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Regional hydrogeology
The caves and karst of the Edwards Plateau are formed in
the Cretaceous Edwards Limestone Group and its equivalents
(collectively called the Edwards Limestone in this chapter).
The Edward Limestone is primarily underlain by the upper
member of the Glen Rose Limestone, which is relatively low
in permeability and typically non-cavernous throughout most
of the plateau. The Glen Rose Limestone and other underlying formations of the Trinity Group, together with the Edwards Limestone, form the Edwards-Trinity Aquifer, although
most of the water produced from the aquifer comes from the
Edwards Limestone. Groundwater in the plateau flows vertically through the unconfined aquifer to the water table, which
is perched on the upper member of the Glen Rose. Most of
the groundwater flows south and southeast and discharges
from hundreds of springs at the Edwards-Glen Rose contact along the plateau’s margin to provide the base flow for
local rivers flowing off the plateau (Fig. 1). Fewer and smaller
springs are found along the plateau’s northern and western
boundaries, but are more prevalent where recharge is greater
and local hydraulic gradients to nearby valleys are steeper.
Springs are fewer and smaller still, and frequently non-existent,
in the Isolated Edwards Outliers which are generally too small
to collect, store, and transmit focused volumes of groundwater. See Barker and Ardis (1996) for a detailed hydrogeologic
overview of the Edward-Trinity Aquifer.
The Lower Glen Rose Karst is named for the lower
member of the Glen Rose Limestone. Veni (1997) provides
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an extensive analysis of its hydrogeology. Unlike the poorly
permeable and generally non-cavernous Upper Glen Rose, the
lower member is an approximately 100-m thick, thick-bedded
to massive, fossiliferous limestone that contains many of the
longer caves in Texas. The Lower Glen Rose is exposed along
the most deeply dissected margin of the Edwards Plateau.
The Lower Glen Rose aquifer is largely unconfined but has
down-faulted confined portions within the Balcones Fault
Zone, especially in the Cibolo Creek watershed that drains
into the artesian Edwards (Balcones Fault Zone) Aquifer. In
the Blanco, Guadalupe, and Medina watersheds, the aquifer is
mostly unconfined and drains to springs which discharge to
the rivers (Fig. 2). The caves are strongly guided by fractures,
and many of the longer caves were initiated as routes for the
piracy of water across river meanders or between drainage basins. Some of the longest caves, including Honey Creek Cave,
the state’s longest with over 33 km surveyed to date (www.
texasspeleologicalsurvey.org, updated 6 July 2015), are perched
on the Hensel Sand which is a shaly aquitard in those areas.
The Lower Glen Rose karst also includes caves in the Cow
Creek Limestone. Located unconformably below the 14-m
thick Hensel Sand, the Cow Creek is an 18-m thick, white,
massive, bioclastic limestone (Stricklin et al.,1971). Regionally, the Hensel Sand is a permeable water-bearing unit. Its
downward leakage is the major source of recharge into the
Cow Creek Limestone, which is primarily exposed where it
discharges into river valleys. Cow Creek caves grow headward
from these springs. The most extensive caves are along the
Guadalupe River with Preserve Cave being the longest at

Figure 1. Potentiometric map of the Edwards Plateau showing general groundwater flow to the southeast with radial flow along the margins
down locally steep gradients (from Barker and Ardis, 1996).
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Figure 2. Over 5 km of mapped underground stream passage in CM
Cave (www.texasspeleologicalsurvey.org, updated 6 July 2015) flow
along the base of the lower member of the Glen Rose Limestone,
perched on the Hensel Sand, to discharge into a river valley.

about 1 km. Some Cow Creek groundwater probably originates in the Lower Glen Rose Aquifer, which is lost into the
Cow Creek Aquifer down and across faults (Veni, 1997).

Caverns of Sonora:
The Regional Hypogenic Type Locale
The above regional hydrogeologic overview of the Edwards
Plateau describes a collection of unconfined epigenic karst
aquifers. The Lower Glen Rose karst especially displays extensive and excellent examples of epigenic underground streams
flowing down the hydrologic gradient to discharge into surface
river valleys. Hypogenic caves exist in the Edwards Plateau,
but before establishing a regional model for their origin this
section of this chapter focuses on the best studied hypogenic
cave in the Central Edwards Plateau: Caverns of Sonora.
Caverns of Sonora is a show cave located in western Sutton
County and has a surveyed length of 2.2 km and a depth of
37 m. Its explored length is estimated at 9-10 km (Jack Burch,
personal communication, 1998), arranged as a maze of stacked
parallel to near parallel passages, nearly as interconnected
vertically as horizontally. Four major passage levels are known.
There is generally little breakdown in the cave, except where
passages of different levels intersect. Most of the passages
are highly decorated, with a density and variety of calcite
speleothems seldom seen and which make Caverns of Sonora
internationally renown (Fig. 3).
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Figure 3. The 4-m-high Palace of the Angels is one of many areas
of Caverns of Sonora covered with a dense and diverse variety of
speleothems.

Klimchouk (2007) was the first to propose a hypogenic
origin for the cave based on the presence of morphologic features common in hypogenic caves that included cupolas, risers,
and its maze pattern. He also pointed to the absence of scallops and other epigenic features. Additional evidence subsequently noted includes the absence of organic material in the
cave’s sediment (except for passages in the immediate vicinity
of the entrance), which appears formed from the insoluble
fraction of the limestone that remained from the dissolution
of the cave (Fig. 4). Further, condensation-corrosion patterns
on the cave’s speleothems, walls, and ceilings demonstrate a
pattern of closed-system convective airflow where air deeper
in the cave is warmed slightly by the geothermal gradient causing it to rise, cool in the upper levels, where it then sinks to
the bottom of the cave for the process to repeat (Fig. 5). This
pattern is common in hypogenic caves with recently developed entrances but rarer in epigenic caves. Carbon-14 dating
of bone-rich organic soil washed in from the cave’s entrance
indicates the entrance developed about 3,000 years B.P. (Fig. 6)
(Rick Toomey, unpublished analyses, 1993).
The most compelling evidence for Sonora’s hypogenic origin revolves around the fault that extends through the eastern
half of the cave. Figure 7 is a map of the cave with the fault
shown as a plane since it dips across passages from the highest
to lowest levels. This normal fault bears N20° E, dips 65° E,
and has 0.3 m of throw down to the east. The survey of the
cave is highly incomplete and thus figure 7 does not well illustrate how the fault is located in the most complex part of the
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Figure 6. Black organic soil washed in from the
entrance of Caverns of Sonora dates the opening of
the entrance to ~3,000 years B.P.

nite, and lacking a clear source for the sulfates
and uranyls declined to propose the cave as
hypogenic.
Averaging roughly 1.8 km below the surface,
the Late Pennsylvanian to Early Permian
Figure 5. Condensation-corrosion has
Figure 4. Rick Toomey excavates a test pit
Canyon Sandstones occur below much of
removed speleothems and smoothed the
in typical clay-rich sediment in Caverns of
Sutton and Crockett counties and extend into
ceiling and upper right wall of this CavSonora, developed as the insoluble residue
neighboring counties. The Canyon Sandstones
erns of Sonora passage due to convective
of the dissolved limestone that created the
contain natural gas deposits mapped as the
airflow along its ceiling and one wall.
cave.
Sonora Canyon in the east and Ozona Canyon
cave, but it does show four major passage complexes radiating
in the west. Caverns of Sonora occurs above the central major
from the fault, indicating that the fault served as the major
section of the Sonora Canyon field (Fig. 8). Information on
path for upwelling water.
the sulfur content of these gas fields could not be located, but
Onac et al. (2001) suggested that Caverns of Sonora may
Gerald Atkinson (personal communication, 1999) suggested low
be hypogenic based on the occurrence of metatyuyamunite
levels of hydrogen sulfide due to the drilling methods emand other uncommon minerals found in the cave’s lowest level
ployed. Their significance to the cave is as a potential source
along the fault. Calcite speleothems cover most of the cave,
of sulfur for the gypsum speleothems. Upward migration of
but this location produced a mineral assemblage that appears
hydrogen sulfide gas could have resulted in sulfuric acid disprecipitated from waters enriched in calcium and strontium
solution of Caverns of Sonora with gypsum as a byproduct.
sulfates as well as in carbonate and uranyl silica-hydroxyl
If hydrogen sulfide was not present in sufficient quantities in
complexes. This was the second reported cave occurrence of
the Canyon Sandstones, it may have risen from the Lower Ormetatyuyamunite, the first occurring by hypogenic processes
dovician Ellenburger Group, a major paleokarstic oil reservoir,
in Spider Cave, Carlsbad Caverns National Park, New Mexico
although not tapped locally and poorly productive (Hill, 1968),
(Polyak and Mosch, 1995), indicating a possible hypogenic
approximately 2.1 km below the surface (Kerans, 1990).
origin for Sonora. However, Onac et al. (2001) noted other,
While shallow sulfur sources may account for the gypsum in
though less probable potential causes for the metatyuyamuCaverns of Sonora, and uranyls are common in many ground-

Figure 7. Map of Caverns of Sonora and the fault plane exposed in the cave.
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Figure 8. Map of the Canyon Sandstones Ozona Canyon and Sonora
Canyon natural gas fields (adapted from Hamlin et al., 1995).

waters as well as hydrocarbon deposits, what is not common
in aquifers is vanadium. Continued but previously unpublished
research on minerals from Sonora’s lowest level discovered microscopic crystals of goldmanite, its first recorded occurrence
in a cave. This calcium vanadium silicate mineral demonstrates
the presence of at least trace amounts of vanadium in Caverns
of Sonora, which in this area is only likely to originate from
the underlying hydrocarbon deposits.
The hypogenic origin of Caverns of Sonora seems clear
based on morphologic and sedimentary evidence. Although
an associated origin with the deep hydrocarbons in the area is
indicated, it remains to be proven by analysis of those deposits
to confirm the presence of uranium, vanadium, and sulfur,
and to compare them, especially the sulfur isotopes, with those
found in minerals in the cave.
A review of the Texas Speleological Survey database reveals
several other caves over and near the Sonora Canyon and
Ozona Canyon natural gas fields that are likely hypogenic.
This hypothesized origin is based mostly on their reported
morphologies and morphologic features, and to a lesser degree
on the presence of gypsum speleothems and other mineralogy. Further research is needed to confirm their speleogenetic
status. These caves are: Hunt Ranch Cave, Peery’s Cave, and
Rattling Yo-yo Cave in Crockett County; Down Brownie Cave
in Edwards County; Felton Cave, Friend Bat Cave, and Harrison Cave in Sutton County; Blackstone Cave and Longley’s
Cave in Terrell County; and Dondole Cave in Val Verde
County. Doubtless many caves in the region have formed by
hypogenic processes and have not been verified, recognized,
or discovered. It is notable that caves in the region further
from the natural gas fields seem to have less distinct potential
hypogenic characteristics.

Conceptual Hypogenic Model for Groundwater
in the Central Edwards Plateau
The modern Edwards-Trinity Aquifer is well established
as an unconfined, epigenic karst groundwater system. However, obvious phreatically-formed caves occur throughout the
plateau, its outliers, and the Lower Glen Rose karst, indicating substantially different hydrologic conditions which were
hypogenic in at least certain areas. This section of the chapter
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provides a general conceptual model for the paleo-groundwater hydrology of the entire Edwards Plateau, but focuses
on the Central Edwards Plateau where the past existence of
hypogenic conditions is best established.
To model the aquifer’s origin and development, it is necessary to estimate denudation rates for the landscape to determine what general recharge and discharge conditions were
available. White (1984) developed an equation to calculate
karst denudation rates using theoretical carbonate dissolution rates based on runoff and the equilibrium constants
for carbonate reactions. Veni (1997) found good agreement
in the Lower Glen Rose karst between the results of that
equation and denudations rates based on modern measured
water chemistry, stream incision rates, and speleothem dating
that reflect past hydrogeomorphic conditions, yielding rates
of 21.2 to 24.3 m/Ma (million years). It is beyond the scope
of this chapter to precisely calculate denudation rates for the
Central Edwards Plateau, especially considering that paleoclimatic conditions changed over time and denudation rates also
varied with the rocks exposed. The available data for White’s
equation suggest an approximate mean rate of 10-11 m/Ma,
which compares favorably to the gross 11.3 m/Ma mean rate
calculated by Veni (1994b) for part of the Carta Valley area to
the south, discussed below. Both areas currently have the same
approximate climatic conditions and likely would have been
similar during past climate changes.
Based on these calculations and other data, three major
conceptual stages of aquifer development are proposed below
and illustrated in figure 9. Unless otherwise cited, the estimated time periods for the Central Edwards Plateau are based
on a mean approximate denudation rate of 11 m/Ma for the
Caverns of Sonora area, acknowledging rates to the east and
west would have been respectively higher and lower due to
their wetter and drier current and past climates.
Stage 1: pre-Miocene to Early Miocene
The Edwards-Trinity Aquifer began to form prior to major
Balcones faulting in the Early Miocene (Weeks, 1945). The
Edwards Limestone was below confining units (remnants of
which are currently present in the region and are described in
Stage 2 below) but would have extended up-dip to the north
and west, beyond the plateau’s current erosional boundaries
where it was unconfined and recharge was possible. Although
west-to-east flowing streams were already established over the
plateau, their down-dip gradient did not allow them to incise
deeply enough to intersect the Edwards Limestone and allow
direct discharge of its groundwater, although the streams had
cut to near the top of the Edwards Limestone in the east (Ely,
1957).
Groundwater circulation would have been relatively slow
at this time, limited by low permeabilities and few available
zones of discharge. Aquifer development would have begun
in the up-dip section of the plateau where groundwater was
undersaturated with respect to calcite, but would have been
minor, creating conduits with possibly no or only small caves
established and none would have extended a substantial
distance downgradient. Undeveloped secondary permeability
prohibited significant flow-through of groundwater from the
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Figure 9. Three-stage conceptual model of development of the
Edwards-Trinity Aquifer. West-to-east cross section, does not include
the Balcones Fault Zone, vertically exaggerated and not to scale to
emphasize certain features and processes.

updip to downdip ends of the plateau. While groundwater
could have leaked up through overlying units at the plateau’s
eastern, down-dip end, minimal to absent recharge in that
section of the aquifer probably precluded development of any
notable springs.
Stage 2: Middle Miocene to Late Miocene
Abbott (1975, 1984) found that by the Middle Miocene,
stream incision along the Balcones Fault Zone would have
exposed enough of the Edwards Limestone to create springs,
and that initial karstic conduits had developed along fractures
to these sites. Increased stream downcutting increased the
hydraulic gradient, which increased flow along the conduits
to the springs and further increased conduit size and permeability.
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Veni and Associates (1992) calculated incision rates for the
Colorado River since Balcones faulting to determine that high
elevation, phreatically-formed caves on the Jollyville Plateau
in Travis County formed at least 12.5 Ma, supporting Abbott’s
results.
Abbott and Veni and Associates focused on the areas near
the fault zone and did not consider aquifer development
throughout the Edwards Plateau. Using the above 11 m/Ma
denudation rate, at the beginning of the Middle Miocene, the
Edwards Limestone would not have been significantly exposed
elsewhere on the Edwards Plateau except for its west end. The
Devils River is the major stream through the Central Edwards Plateau Karst and served as base level for groundwater
discharge in that region. For much of the river’s early history,
its elevation reflected the minimum elevation of the water
table within the aquifer. Reconstructing the landscape with
the 11 m/Ma mean denudation rate from the river’s modern
elevation near where Crockett, Sutton, and Val Verde counties
meet, below the confluence of the river with its major East
Fork tributary, the Edwards Limestone would have been exposed in the river’s bed about 13.8 Ma. Although the Edwards
Limestone was exposed further downstream at earlier times,
it is presumed the distances of those locations limited their hydrologic effect on Caverns of Sonora and much of the Central
Edwards Plateau.
Along the southern and eastern portions of the Edwards
Plateau, the Cretaceous Del Rio Clay is the upper confining
unit of the Edwards-Trinity Aquifer. However, in the area
roughly north of the Devils River Trend (see figure in “Introduction: Hypogene Karst of Texas”) and west of the city of
Junction, 80 km east of the city of Sonora in Kimble County,
the Del Rio was never deposited and the Buda Limestone rests
conformably on the Edwards Limestone (Barnes, 1974, 1976,
1977, 1979, 1981a, 1982b, 1982, 1986).
The Buda is a massive to nodular limestone with marly
basal beds. It is 15-20 m thick and generally poorly permeable. Barnes’ above-cited geologic maps of the region illustrate
hundreds of broad, shallow sinkholes in the Buda, often filled
with Quaternary alluvium and caliche. While the Texas Speleological Survey database shows several caves in the Buda, they
are formed mostly in the Edwards Limestone. These caves
appear to pre-date the development of their Buda entrances,
which are collapsed into the caves or formed when Buda
fractures were sufficiently solutionally-enlarged, probably in
response to the locally steeper vadose hydraulic gradient provided by the caves’ underlying voids.
Above the Buda Limestone is the Boquillas Flags, a 61-m
thick sequence of flaggy, thin, interbedded limestone, siltstone,
and shale. Together, these units created an upper aquitard for
the paleo Edwards-Trinity Aquifer. The base of the Boquillas was exposed in the paleo Devils River about 15.3 Ma. It is
likely that around this time, in the early Middle Miocene, that
Edwards-Trinity groundwater began to leak upward through
the Buda and Boquillas to create sufficient circulation and
flushing of chemically saturated water to develop hypogenic
caves. There is insufficient evidence to estimate the distance to
the recharge area for this groundwater. However, based on the
elevation of the top of the Edwards Limestone in the updip
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direction, from Caverns of Sonora as the continued example,
where a water table there could create a sufficient gradient to
discharge from the Boquillas in the Caverns of Sonora area, a
distance of at least 40 km to the west is needed.
If deeply-derived hydrogen sulfide was in fact involved with
the origin of these Central Edwards Plateau caves, passages
would have preferentially enlarged in descending order, as the
water table declined, where atmospheric oxygen would mix
with the hydrogen sulfide to create sulfuric acid, a process
found in other hypogenic systems (e.g. Kirkland, 2014). The
deepest known passages of Caverns of Sonora would thus
have been the last to form in that cave, having Late Miocene
ages of around 8.8 Ma. At that time, the water table would
have dropped to the elevation of those passages because the
Devils River, the control on aquifer levels in that part of the
Central Edwards Plateau, would have incised to that level. As
the Devils River continued to cut deeper, the aquifer’s water
table descended further and ceased passage development in
the known parts of Caverns of Sonora.
As noted earlier, the distribution of probable hypogenic
caves in the Central Edwards Plateau appears focused on the
area of the Canyon Sandstone natural gas fields. However,
and more importantly, these hypogenic caves occur where
the Del Rio Clay was not deposited. The Del Rio is a wellrecognized aquiclude that would have prevented or minimized
upward groundwater leakage. It would have thus prevented
the groundwater flow through the overlying units necessary to
create Caverns of Sonora and other hypogenic caves. This is
not to say that no hypogenic caves would have formed. Local
geologic conditions could have enhanced upward permeability in some areas, such as fractures associated with the
Carta Valley Fault Zone to the south where several hypogenic
caves are known and discussed below. Instead, the emphasis
on the absence of the Del Rio reinforces Klimchouk’s (2007)
proposal that hypogenic processes are primarily hydrologic,
independent of the type of solute that dissolves the rock. In
the case of Caverns of Sonora, it appears that ascending fluids
from the Sonora Canyon natural gas field did play a role in its
origin. However, given the current minimal geochemical and
mineralogical data, a local speleogenetic model for the mixing
of deep and shallow groundwater is considered too speculative and not proposed in this chapter.
Stage 3: Late Miocene to the present
During this final major stage of aquifer development, secondary permeability was established as the dominant form of
permeability in the Edwards Limestone. Most of the limestone was exposed to the surface across the plateau, allowing
vadose conditions and epigenic caves to form. Mixing corrosion from the multiple developing vadose recharge sites would
certainly have been a major factor in producing efficient flowthrough of groundwater across the aquifer. Hypogenic caves
in the Central Edwards Plateau were not affected significantly
by epigenic cave development, presumably due to a generally
dry climate and thin soils, despite a wetter period during the
Pleistocene
At Caverns of Sonora, Kastning (1983) describes the cave
as the result of epigenic karst development, which was the
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best understood speleogenetic mechanism of that time. While
much of his hypothesis has been supplanted by hypogenic
theory, the following components of his final stages of cave
development stand:
1. Draining of phreatic water led to the collapse of some
passages, especially where passage levels overlapped
and where passages were truncated by the deepening of
surface valleys.
2. Dripstone speleothems were deposited.
A similar sequence of events likely occurred in caves
throughout the region. For a detailed analysis of Pleistocene
to modern speleothem deposition across the Edwards Plateau,
see Musgrove (2009).
Speleothem deposition in Caverns of Sonora was a complex
and multi-stage process, and the primary hydrologic process
in most hypogene caves during this final, vadose stage of
aquifer development. Two speleothem age dates are available
for the cave. Both are from flowstones located about 280 m
apart. Their nearly identical elevations, 11.2 and 11.3 m below
the entrance of the cave, indicates that they did not form in
response to the draining of perched groundwater from the
cave; phreatic groundwater would have abandoned this elevation about 11.2 Ma. The first site, located about 40 m northeast of the cave’s entrance, is 139,833 years old (+5,285 years
or -5,054 years), and the second site at the north end of “The
Narrows” is 293,334 years old (+35,812 or -26,927 years) (unpublished analyses, Harry Rowe, personal communication, 2000).
Speleothem superposition, re-solution, and morphology suggest that other speleothems in the cave may be much older,
with some deposited, removed partly or wholly, and replaced
with younger deposits.

Three-dimensional hypogenic mazes: the     
special case of Carta Valley
Maze development is a typical morphology of hypogenic
caves. Amazing Maze Cave is discussed at length in this volume in the chapter on the Stockton Plateau. It is formed on
three levels, with its maze passages generally restricted to each
level and connected by a few pits or domes that extend from
the main middle level. Caverns of Sonora is described earlier
in this chapter as a horizontally and vertically complex maze,
with the vertical component formed not by solutional enlargement of passages but mostly by collapse of higher levels into
underlying levels. However, neither of these mazes nor any
other known to date in Texas match the three-dimensional
complexity of three particular maze caves in the Carta Valley
area.
Carta Valley is a village located 85 km south of the town
of Sonora. Situated along the west-central edge of Edwards
County, Carta Valley is also at the west-central edge of a group
of 44 caves spread across an area approximately 33 km northto-south and 27 km east-to-west. The Carta Valley area is informally defined by those caves within the general vicinity of
the village, many of which were discovered and explored by
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certain groups of cave explorers from the mid-1950s through
the early 1970s, as described in Kunath’s (1995) detailed book
on the caves of the area. A resurgence of interest in the area
began around 2000, and accelerated with the purchase of
Deep Cave and Punkin Cave by the Texas Cave Management
Association in September 2004.
Geologically, the Carta Valley area is located along the
boundary between the Devils River Trend and Maverick Basin
karst subregions. The Carta Valley Fault Zone is the dominant
structural feature of the area. It trends east-west for about 120
km from western Edwards County through central Val Verde
County. The zone is a 1.5- to 8.0-km wide area of en echelon,
high-angle faults and fault grabens predominantly oriented
N50°E. Webster (1982) studies the fault zone in detail and believed that it formed by movement of a wrench fault that underlies the Cretaceous rocks, probably related to the Laramide
orogen 130 km to the west.
Smith (1995) provides a preliminary geological evaluation of
the caves of the Carta Valley area. He noted how nearly all of
the caves are formed in the massive Devils River Limestone
and while none are developed along Carta Valley Fault Zone
faults, most of those which have linear segments appear to
follow joints related to the fault zone’s stresses. He also studied the elevations of Carta Valley area caves and found two
levels of greater passage development, but was not able to determine if they reflected stratigraphic or hydrologic influences.
A long-time and astute observer of the geology of Texas
caves, Smith’s (1995) work predated modern hypogene theory
and he offered no hypotheses on the distinctive but thenpuzzling morphologies which in other reports (e.g. Smith
and Veni, 1994) he generally considered phreatic. Most of
the caves contain large passages, often more than an order
of magnitude greater in width and nearly so in height than
caves elsewhere on the Edwards Plateau. Morphologically the
caves are commonly isolated chambers, some ramiform, with
passages formed by the linking of chambers, and containing phreatically-smoothed walls, domes, risers, occasional
pendants, and other speleogens and minerals consistent with
hypogene origins. Klimchouk (2007) and Atkinson (2011)
identified some of the caves in the area as hypogenic. Based
on cave morphology and speleogenesis, the Carta Valley area
can be extended at least 7 km southeast from Kunath’s (1995)
area to include Kickapoo Cavern State Park. The source of
the hypogenic groundwater that resulted in the observed Carta
Valley caves’ mineralogies has not been identified, although
it probably rose along the abundant faults in the area. Atkinson (2011) suggests thermal cracking of deep carbonates or
deep carbonate metamorphism as a potential source, and that
carbon dioxide may be the primary reagent for solution of the
limestone given the proportionately low presence of gypsum
deposits in the caves.
About 8 km south of the village of Carta Valley are three
maze caves unique in Texas in their three-dimensional complexity and close-spacing of passages, which are often less
than a couple of meters apart: Blowhole Cave, Deep Cave,
and Punkin Cave. They are located within a fairly small area:
Deep is about 270 m east of Punkin, and Blowhole is about
550 m to the southwest (Fig. 10 inset). They each have exceed-
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ingly complex mazes, but also unique aspects to their morphologies.
Deep Cave is the 8th longest and 18th deepest cave known
in Texas at 5,654 m long and a vertical extent of 78.2 m within
a 155-m-long by 100-m-wide area. Punkin is the 11th longest
and 29th deepest cave known in Texas at 4,967 m long and a
vertical extent of 64.8 m within a 155-m-long by 55-m-wide
area. Both caves have dense complexes of mazy passages
that extend in all directions, horizontally and vertically. The
primary morphological difference between these two caves is
the large collapse-formed entrance chamber of Punkin Cave,
shown as the blue-shaded areas in figure 10. Blowhole is the
29th longest and 9th deepest cave known in Texas at 1,839 m
long and a vertical extent of 102.3 m (the lengths and depths
above are from the Texas Speleological Survey website, 2016;
all further information on these caves below is unpublished
from the files of the Texas Speleological Survey unless otherwise indicated). Blowhole is morphologically the most distinct
of the three caves. Its maze is significantly less dense than
Deep or Punkin. Blowhole Cave’s deepest section reaches a
stratigraphic section of the Devils River Limestone below that
reached by Deep or Punkin, where a fairly linear set of passages extend about 200 m west from the 70-m diameter area
of upper level maze passages. Figure 10 provides plan and
profile view line plots of the three caves’ surveyed passages
for comparison; maps that show the passage walls and internal
passage detail are not yet available. All of the caves have small
unexplored passages, many of which require enlargement to
enter, but in maze caves like these many unexplored passages
have the potential to lead to extensive new sections of the
caves.
The close proximity of these caves suggests their location
is a focus of upwelling groundwater. Webster’s (1982) detailed
geologic map of the Carta Valley region does not show any
faults in the immediate area of the caves that could serve
as paths for hypogenic flow. However, he places the caves
between two inferred faults which occur about 1 km to the
northwest and southeast and bear 50-55°. Additionally, Webster maps a gentle east-west anticline, the Brotherton Arch
with 0.5-1° degree of dip for each limb, approximately 1 km
south of Blowhole, all suggesting that smaller but speleogenetically important structures may exist at the caves that were
not mappable at the regional scale.
The morphology of Blowhole Cave’s lowest passages suggests alignment along a fracture oriented at 73° and dipping
35° to the southeast. Assuming this lineation is a fracture, it is
probably a fault. All faults that I know of and have examined
in caves across the Edwards Plateau, including this area, have a
pronounced dip whereas most joints are vertical. Additionally,
the lowest levels of Blowhole contain the only known occurrence of metatyuyamunite in the Carta Valley area along with
gypsum crusts and celestite. Caverns of Sonora is the only
other cave on the Edwards Plateau where metatyuyamunite
has been found. It occurs there along a fault-guided passage,
also in association with gypsum and celestite, in the lowest
elevations of the cave where the uranium and vanadium in the
metatyuyamunite rose along the fault; all of which supports
the possibility that the lowest passage in Blowhole is fault-
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Figure 10. Line plot maps of Blowhole Cave, Deep Cave, and Punkin Cave drawn from unpublished August 2017 survey data from the Texas
Speleological Survey. Plan view is shown in upper figure; profile view is shown in lower figure.

controlled and the sole or a primary source of the hypogenic
groundwater which created this cave. This potential fault
points to an area on the southeast side of Deep Cave, where
that cave’s deepest passages occur, indicating that they may
connect to lower passages along which groundwater rose to
create that cave.
The metatyuyamunite in Caverns of Sonora occurs above a
marly limestone horizon of lesser permeability at the base of
the Segovia Formation (Barnes, 1981b). The precise stratigraphy of Blowhole Cave, Deep Cave, and Punkin Cave is less
clear due to faulting and other structures. Although the caves
are mapped in the Devils River Limestone, the boundary
between the Segovia and underlying Fort Terrett Formation
is reflected as a lower-permeability horizon across all stratigraphically equivalent units throughout the Edwards Plateau.

Most notably, in the Balcones Fault Zone region, the Person
Formation is equivalent to the Segovia, the Kainer Formation is equivalent to the Fort Terrett, and the Regional Dense
Member (RDM) at the base of the Person is mapped as a
poorly permeable, 6-7 m thick dense argillaceous mudstone
(Stein and Ozuna, 1995) equivalent to the marly limestone at
the base of the Segovia. Veni (2005) described how vadose
caves are perched on the RDM and do not form passages
within the RDM except for, usually, narrow pits along fractures. Though not mapped elsewhere on the Edwards Plateau,
similar cave morphologies are exhibited in the RDM-equivalent horizons. Most caves form above that horizon and few
breach it, at least where human exploration is possible, due to
sediment deposition that fills passages perched upon it. In the
Carta Valley area, the Segovia is about 116 m thick (Barnes

Texas Speleological Survey

Hypogene Karst of Texas

1977), but without knowing the precise stratigraphic position
of the three caves’ entrances, it is impossible to evaluate with
certainty the stratigraphic controls on their passages. Deep
and Punkin are likely entirely within the Devils River’s equivalent to the Segovia. The 102.3 m depth to Blowhole’s lowest
elevation passages likely place them closely above that marly
horizon mapped in the Segovia, but they could be confined
immediately below that horizon; more detailed mapping of
the local stratigraphy is needed.
Blowhole, Deep, and Punkin all have maze development
within solutionally formed passages (Fig. 11) and in breakdown (Fig. 12). The greater degree of passage development by
vertical and inclined solution of the limestone, as opposed to
the more horizontal development of Amazing Maze Cave and
Caverns of Sonora, results from the less-bedded nature of the
Devils River Limestone (even though, as the previous paragraph indicates, a subtle yet distinct horizon is present about
100 m down into the Devils River). Some of the breakdown
appears solutionally modified, but in most cases is the result
of air flow corrosion. Much of the collapse appears relatively
small and a result of the loss of structural strength from
extensive solutioning of the limestone (Fig. 11). The largest
rooms are collapse-formed, but it is not clear if they resulted
from collapse into large chambers or the cumulative collapse
of many small voids; the concentration of maze passages in
circular (Blowhole) to oval (Deep and Punkin) areas suggests
the latter but a closer study is warranted.
The oval distribution of passages in Deep and Punkin
initially indicate different structural controls for each cave. The
axis of Deep Cave’s oval has a roughly 50° orientation, coinciding with mapped faults about 1 km away, while Punkin’s
axis of 165° indicates development along a fracture set that is
roughly perpendicular. However, when the caves are plotted
together, as in the inset of figure 10, their passages seem to
delineate the southwest half of a circular area. At this time
no field evidence supports the presence of a larger structure
that encompasses both caves, but until this report no such
structure was envisioned to prompt a search. Further study is
needed to determine if these two caves, even if not physically
connected by exploration, share a more common instead of
parallel hypogenic origin.

Figure 11. Solutionally-formed maze passages in Deep Cave; note the
generally smooth walls along the faces and corners, arched cross section of the small passage rising behind the caver, the caver’s right leg is
down in a vertically-developed passage, and his left foot is in a solution channel next to a wall that is nearly dissolved away at the base
except for a small connecting section of limestone. Photo courtesy of
Dave Bunnell.

Speleothems: insights and uncertainties for
hypogenic origins
Caverns of Sonora is famous for its abundant helictites and
coralloid speleothems, which also occur profusely in the lesser
known Carta Valley area. But those speleothems are among
the youngest in those caves and potentially products of earlier,
poorly understood, processes. Major questions about these
earlier processes include:
1. Is the gypsum a hypogenic byproduct? It occurs in
patches throughout the caves’ vertical extent. In both the
highest and lowest levels it is found in part on breakdown, suggesting collapse occurred during or soon after
the end of hypogene conditions in those passages.
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Figure 12. Maze passages in breakdown in Deep Cave; note the
displaced rock in front of the caver, the sharp corners of the rocks,
and their generally rough surfaces (where bedrock is exposed and
not the rough speleothem crust surface of the lower right wall).
Photo courtesy of Arron Wertheim.
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2. Are the metatyuyamunite and its associated minerals also
a hypogenic byproduct? They occur with gypsum, on and
off breakdown. Despite their chemistry, which indicates
a hypogenic origin, they are only known from the lowest
sections of Caverns of Sonora and Blowhole Cave where
vadose drip water could have easily dissolved the nearby
gypsum. Is it simple fortune that protected this gypsum
and metatyuyamunite occurrence from recent vadose
drippage, and they formed as the cave drained of hypogenic water about 8.8 Ma in Caverns of Sonora, or are
they formed by more recent, non-hypogenic processes?
Additional mineralogical analyses are needed.
3. Have hypogenic processes resulted in conditions that promoted extensive helictite growth? Hill and Forti (1997)
describe how helictites preferentially grow from calcite
coatings. The most profuse displays of helictites in Texas
grow from calcite coatings in Caverns of Sonora and
other known and likely hypogenic caves in the Central
Edwards Plateau and the Carta Valley area of the Devils
River Trend and Maverick Basin Karst subregions to the
south. While the helictites in Sonora are the most extensive, identical helictite patterns and morphologies occur in
these other caves, suggesting a common mechanism for
their origin.
4. Additionally, several of these caves also contain cave rims,
a speleothem type not found elsewhere on the Edwards
Plateau. None of the rims have been dated, and their
positions indicate they are younger speleothems which
would preclude an origin related directly to hypogene
conditions. Hill and Forti (1997) attribute cave rims to
airflow corrosion and deposition (Fig. 13). Are these Edwards Plateau cave rims the result of convective airflow
due to deep, extensive, hypogenically-developed permeability, often in breakdown but also likely in passages
hidden by breakdown below modern cave floors? If not,
why are they not found in epigenic caves?
Answers to these questions will better define and constrain
knowledge of aquifer and speleogenetic processes throughout
the Edwards Plateau.

Hypogenic or Phreatic?
Klimchouk’s (2007) seminal work on hypogenic karst proposed:
Hypogenic speleogenesis is defined here, following the recent suggestion
of Ford (2006), as “the formation of caves by water that recharges
the soluble formation from below, driven by hydrostatic pressure or
other sources of energy, independent of recharge from the overlying or
immediately adjacent surface.”
By definition, all hypogenic water is phreatic but not all
phreatic water is hypogenic. Klimchouk identifies many caves
as hypogenic based on morphologic evidence, yet some
morphologies can develop in non-hypogenic regimes. Most
notably, Mylroie and Mylroie (2009) identified several of these
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Figure 13. A caver explores a pit in Kickapoo Cavern, Kinney
County, formed in breakdown and through flowstone by airflow
corrosion; much of the rim deposit has been eroded, but part of it is
present behind the caver’s raised left hand.

morphologies in unconfined flank margin caves, developed in
eogenetic limestones along sea coasts at fresh water-salt water
mixing zones. The three noted Carta Valley maze caves and
other caves in the Edwards Plateau often have smooth-walled
domes typically associated with hypogenic water. However,
in many places they occur above breakdown that obviously
fell from the ceiling; at those sites the morphology is not the
result of hypogenic solution but air flow corrosion. If those
walls and domes formed from hypogenic groundwater, the
breakdown would be solutionally smoothed as well, which in
many locations is not the case. It is clearly important that the
full context of any set of morphologies must be considered
before any particular hydrogeologic origin can be concluded,
yet these morphologies and features remain useful tools as
guidance toward understanding their origins.
As understanding of cave morphologies improves, the definition and understanding of “hypogenic” will also be refined.
Hypogenic origin results from water rising “from below,” but
from how deep? Water will rise into a borehole drilled into a
phreatic conduit in an unconfined aquifer. That water will thus
also rise into fractures in the ceiling of the conduit, dissolving them to create cupolas. Is that water hypogenic? Does the
amount of rise define hypogene conditions? While confined
conditions are not stated in Klimchouk’s definition, they are
implied. What if groundwater rises 10 m from the conduit
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into a borehole or fracture in a confined aquifer but 20 m
in an unconfined aquifer? Spring discharge from confined
hypogene flow is also implied in much of Klimchouk’s work.
Perhaps it should be added to the definition. Veni (2016)
examines these questions in more detail.
Also needing refinement is the concept that the water must
not be derived “from the overlying or immediately adjacent
surface.” While “overlying” is clear, what distance qualifies as
“immediately adjacent”? If the distance is based on hydraulic
pressure, then in large, low-friction karst conduits where pressures are rapidly transmitted, the distances could be tens of
kilometers.
Phreatically formed caves occur throughout the Edwards
Plateau, its outliers, and the Lower Glen Rose Karst, but
except for the areas discussed above, clear examples of hypogenic origin are rare. Many of these phreatic caves are obviously relicts of ancient hydrologic regimes pre-dating modern
aquifers. For example, Veni (1994a) established a minimum age
of 3.6 Ma for phreatically-formed caves in Edwards outliers
in the Balcones Fault Zone near San Antonio. One common
feature of phreatic caves throughout the Edwards Plateau is
their tendency to have significantly larger passages, a factor
attributed to some hypogenic caves, with widths of 10 m or
more not unusual. Vadose caves in the region have passage
widths typically of 1-2 m. Consequently, collapse is common
in phreatically-formed caves, which also removes original
phreatic and potentially hypogenic morphologies and restricts
access to relatively short segments of the conduit system.
Examples from the Central Edwards Plateau include: Dudley
Cave (Fig. 14), Morrison Cave, and Paleo Cave in Crockett
County; Cueva del Humo, Wheat Cave, and Wyatt’s Cave in
Edwards County; Alma’s Cave, Clarkson’s Cave, Field Cave,
Johnson Ranch Cave No. 4, Shroyer Cave, and Word Cave
in Sutton County; and Oberkampf Ranch Cave in Val Verde
County. Arden Cave, Irion County, is an example from the
northern Edwards outliers and Big Bexar Cave and Madla’s
Cave are examples from the southern outliers in Bexar County.
While these and many others may have formed hypogenically,
there is no compelling evidence at this time.
Phantom Lake Spring Cave, Jeff Davis County, is an outlier
cave at the far western end of the Edwards Limestone. The
cave is the farthest upgradient outlet of the San Solomon
Spring Group. Except for its entrance area, its surveyed length
of 3,135 m is nearly entirely underwater (Texas Speleological
Survey, unplublished data). The end of the cave has not been
reached.
LaFave (1987) and LaFave and Sharp (1987) determined the
cave and its associated springs were fed by two sources of waters: the Cretaceous limestones immediately to the northwest
and the Permian carbonates of the Apache Mountains, 40-80
km to the northwest. They hypothesized that groundwater in
the Permian units flows into the Cretaceous limestones where
they are juxtaposed by faulting near the mountains’ east end.
From there, the groundwater flows southeast along the fault,
and then past the fault further southeast down the Rounsaville
Syncline, until it is seen at Phantom Lake Spring Cave and the
other San Solomon springs. All of this flow is unconfined, but
the upstream limit of exploration in the cave reached by divers
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to date shows the cave descends dramatically down the flank
of the syncline from a typical depth of 5-10 m below the water table to 140.8 m. The cave is the second deepest in Texas
and the deepest underwater cave in the US (ADM Exploration Foundation, 2013). Continued exploration and study of
this cave may prove important in refining our definitions and
understanding of phreatic vs. hypogenic caves.

Conclusions
The Edwards Plateau is one of the largest contiguous karst
regions in the US. While its modern aquifer and karst development are epigenic, an extensive period of phreatic and
hypogene development began in the Early Miocene. Phreatic
cave development is common throughout the plateau, but hypogene karst development is most clearly evident in Crockett
and Sutton counties, and parts of neighboring Edwards, Terrell, and Val Verde counties, underlain by the natural gas fields
in the Canyon Sandstones. Mineralogical evidence in Caverns
of Sonora indicates fluids and/or gases rose from those fields
to enhance hypogenic cave development occurring at that
time. The concentration of hypogene activity in that region is
related to areas of non-deposition of the Del Rio Clay, which
allowed groundwater to discharge up through the Edwards
and Buda limestones and from the overlying Boquillas Flags.
While the Del Rio Clay is present in the Carta Valley area, the
Carta Valley Fault Zone provided many avenues for hypogene
flow, although it is less clear what the geochemical character
was of deep-seated groundwater rising in that area. The strong
similarity in speleothem types and deposition from the vicinity
of Caverns of Sonora through the Carta Valley area suggests
an as yet unidentified influence on speleothem origin by preceding hypogene conditions.
The field of hypogene karst research is still young. Study
of the Edwards Plateau demonstrates that interpretation of
morphologic features, both within caves and of cave patterns, needs improvement to better evaluate their potential
significance in identifying hypogene regimes. Additionally, the
definition of hypogene karst requires refinement to better distinguish phreatic, non-hypogenic conditions from those which
are hypogenic.

Figure 14. Map of Dudley Cave (from Fieseler et al., 1978).
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Abstract

remnants of relict hypogenic processes which are now being
overprinted by epigenic processes. Many relict caves in the Edwards outcrop exhibit evidence of being formed by ascending
water. Some appear to have been associated with paleo springs
that were abandoned as water levels in the aquifer declined.
The en echelon faulting of the Balcones Fault Zone has
resulted in deep burial of the Edwards Limestone in the
artesian zone with dissolution at depth driven by a number of
processes including infiltration of aggressive surface water,
hydraulic head, mixing corrosion, and biogenic acids. Dissolution along corrosion fronts, migrating downdip over time, has
resulted in laterally-extensive, highly-transmissive units in the
Artesian Zone of the aquifer. Well production in the artesian
zone is commonly limited only by the discharge rate of the
pump. The Edwards Aquifer is also noted for its diverse and
widespread aquifer adapted fauna, implying a well-integrated
conduit system.

The Balcones Fault Zone segment of the Edwards Aquifer of south-central Texas is one of the most important and
prolific karst aquifers in the United States. It is formed within
the early Cretaceous Edwards Group limestone and is 150 to
300 m thick. The Edwards Limestone has undergone subaerial
exposure at or soon after deposition; burial during the late
Cretaceous period; faulting, igneous intrusion, and uplift in the
Miocene; and is currently undergoing physical and chemical
weathering processes. Regionally, the Balcones Fault Zone
consists of mostly normal en echelon faults striking northeast-southwest, dipping down toward the Gulf of Mexico.
Most faults are inferred based on lithology as they rarely are
expressed at the surface. Some larger faults have as much as
300 m of displacement.
The karstification of the Edwards Aquifer has occurred
as a combination of multiple processes. Epigenic processes
occurred during early subaerial exposure and are now occurring within the shallow artesian and outcrop area. Hypogenic
processes have occurred in the geologic past, most likely after
burial during the late Cretaceous and are currently actively
occurring in the deep Artesian Zone, and accounting for the
wide-spread distribution of high permeabilities. The unsaturated Recharge Zone of the Edwards Limestone contains

Introduction
The Balcones Fault Zone segment of the Edwards Aquifer
(referred to as Edwards Aquifer in this report) of southcentral Texas is one of the most important and prolific karst
aquifers in the United States. From the Rio Grande along the

Figure 1. Map of the Edwards Aquifer region showing the three zones of the aquifer: Contributing Zone, Recharge Zone, and Artesian Zone.
A location map of the Edwards Aquifer in Texas, U.S.A. is shown on the lower right.
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Mexican border near Del Rio, Texas, it extends east to San
Antonio, then northeast through the cities of New Braunfels,
San Marcos and Austin, and into Bell County for a distance
of 450 km. The Edwards Aquifer ranges from 10 to 60 km
wide and can contain fresh water (total dissolved solids < 1000
mg/l) at depths as great as 1,200 m below the surface (Fig. 1).
The aquifer is the source of water for more than two million
people in the greater San Antonio area. It is used for agricultural, industrial, and municipal purposes; creates critical habitat
for endangered species that depend on continuous spring
flows; provides water for ecosystem maintenance; a recreation
industry on the spring-fed Comal and San Marcos rivers; and,
municipal, agricultural, and industrial users along the San Marcos and Guadalupe rivers that flow to the Gulf of Mexico.
The Edwards Aquifer is formed within the 150 to 300 m
thick Edwards Group Limestone and associated units, which
were deposited in late early Cretaceous time. The Edwards
Aquifer system has been divided into three major components:
the Contributing Zone, the Recharge Zone, and the Artesian
Zone. The Balcones Fault Zone Aquifer is located south and
at a lower elevation than the Edwards/Trinity Aquifer which
forms the Edwards Plateau (Fig. 1 and 2).
The Contributing Zone is the largest area and is composed
of elevated outcrops of the Edwards Limestone and the
underlying Glen Rose Limestone. The Contributing Zone
makes up part of the Edwards Plateau and covers 14,207 km2.
The dissected edge of the Edwards Plateau forms the Texas
Hill Country. The Contributing Zone collects rainwater and
springflow and forms the headwaters of the major surface
streams in the region. These include the Nueces, Frio, Sabinal,
Medina, Guadalupe, and Blanco Rivers. Faulting along the
Balcones Fault Zone has resulted in the Edwards Limestone
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being down-thrown towards the Gulf of Mexico and juxtaposes lower Cretaceous rocks against upper Cretaceous rocks.
The area where the Edwards Limestone is exposed at the
surface wihtin the Balcones Fault Zone is defined as the Recharge Zone of the aquifer. The Recharge Zone covers 3,161
km2. Water from the Contributing Zone flows south and east
and recharges the aquifer where it passes over the exposed Edwards Limestone in the Recharge Zone. There is also evidence
of interformational flow between the Glen Rose Limestone
and the Edwards Limestone across fault planes.
The Artesian Zone occurs where the Edwards Limestone
is bound between the Del Rio Clay, which forms the upper
confining unit, and marl units within the upper Glen Rose
Limestone that forms the lower confining unit. The Artesian
Zone covers approximately 14,143 km2. Down-faulting related
to the Balcones Fault Zone has resulted in the fresh water portions of the Edwards Limestone being transposed as much as
1,200 m below the surface. The Artesian Zone contains the
majority of large production wells and the Edwards Limestone is fully saturated with water.
The initial formation of the Edwards Limestone was as a
biochemical precipitate in both shallow and deep water marine
environments. Since deposition, the Edwards Limestone has
undergone subaerial exposure; burial in the middle to late Cretaceous; uplift with secondary subaerial exposure beginning in
the Late Mesozoic to Early Cenozoic; igneous intrusion, faulting, and uplift in the Miocene; and weathering since subaerial
exposure. Faulting in the Edwards Limestone is complex and
is related to uplift in central Texas and subsidence related to
formation of the Gulf of Mexico. Regionally, faults are mainly
northeast-southwest trending, with the downthrown sides to
the southeast, forming normal en echelon scissor faults. How-

Figure 2. Cross section of the Edwards Aquifer region showing the three zones of the aquifer: Contributing Zone, Recharge Zone, and Artesian
Zone, and the relative stratigraphic placement of the aquifer.
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ever, there are some reverse faults that form grabens. The Balcones faulting has also resulted in extensive relay ramp structures connecting fault blocks. Some faults have as much as 300
m of displacement but most are much smaller. The fault zone
is no longer active and subaerially exposed rock is currently
undergoing weathering (Ferrill et al, 2003). Most faults are
inferred based on lithology as they rarely are expressed at the
surface and are covered with soil and vegetation.
The Edwards Limestone has been highly karstified resulting
in a triple permeability aquifer with matrix, fracture and conduit permeability (Hovorka et al., 1995, 2004). Karstification
of the Edwards Aquifer occurred when it was first subaerially
exposed during depositional highstands or soon after deposition. After burial by younger deposits, the paleokarst features
may have been inception horizons for later karstification
which may have occurred before down-faulting and formation
of the Artesian Zone. Early researchers proposed epigenetic
(near surface) karst processes for formation of the Edwards
Aquifer driven by circulating meteoric waters along structural
and paleokarst features. Epigenetic karst theory assumes karst
features are produced from downward or horizontal groundwater movement with water derived from meteoric processes.
However, Klimchouk (2007) concludes that rising waters (hypogenetic) from depth are also important agents of karst development. Worthington (2001) has shown that deep circulation systems that are warmed by the geothermal gradient, have
decreased viscosity and are more efficient in forming regional
flow systems. Hypogene processes in the Edwards Aquifer
were little known or understood until recently. Regional flow
systems, such as the Edwards Aquifer, are a combination of
different processes including epigene speleogenesis in the
Recharge Zone and shallow Artesian Zone and hypogene
processes occurring in the artesian portions of the aquifer
over geologic time. Epigenic processes are now overprinting
relict hypogenic features in the recharge and shallow artesian
portions of the aquifer.
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of the subsiding Gulf of Mexico. Yearly rainfall averages from
55 cm in Uvalde County to 80 cm in Hays County.
The Glen Rose Limestone consists of marine fossiliferous limestone and dolostone interbedded with shale, clay,
and marl with occasional layers of gypsum and anhydrite up
to approximately 400 m thick. It is divided into two informal
members, upper and lower, based on lithology and reef structures. The upper member consists of thin- to medium-bedded
soft limestones and marls with resistant beds of dolostone,
mudstone, and limestone. No reef structures are present in
the upper member. Alternating resistant and nonresistant beds
give the upper Glen Rose Limestone a stair-step appearance
in Hill Country exposures. The lower member consists of
relatively massive beds of limestone, dolostone, and dolomitic
limestone with mollusk fossils and local rudist reefs. In Bexar
County, the rudist biostrome ranges from 10 to 17 m thick
(Clark, 2003). Reef structures mostly occur in the southeastern
part of the Hill Country within uppermost intervals of the
lower member of the Glen Rose Limestone (Barker and Ardis,
1996). They are known to provide relatively high yield to wells
in Bexar and Comal counties. However, most wells located
in the Glen Rose Limestone produce sufficient volumes for
domestic use. The Glen Rose Limestone is a well-developed
karst surface and the lower Glen Rose Limestone contains
Honey Creek Cave, the longest mapped cave in Texas at over
30 km.
The Edwards Group Limestone contains three depositional
provinces as defined by Maclay (1995) that are correlated in
time—from east to west, they are the San Marcos platform,
the Devils River Trend, and the Maverick Basin (Fig. 3). The
San Marcos platform was an area of tidal flats, sabkhas, and
subaerial erosion. Rose (1972) differentiated the San Marcos
platform into the Person and Kainer formations in Hays,
Comal, and Bexar counties. These formations have been
further subdivided into eight informal units on the basis of
regionally correlated cyclical depositional patterns (Hovorka

Structural and Stratigraphic Setting of the
Balcones Fault Zone Region
The Balcones Fault Zone Region is characterized by Cretaceous age shallow marine sedimentary rocks dipping gently
toward the Gulf of Mexico offset by a series of normal en
echelon, down-to-the-coast, northeast striking faults. The
principal stratigraphic units and thicknesses in the region, in
ascending order, are the Glen Rose Limestone (300 to 400
m) and Edwards Group Limestone (150 to 300 m) of lower
Cretaceous age and the Del Rio Clay (20 to 40 m), Buda Limestone (20 to 30 m), Eagle Ford Shale (10 to 25 m), and Austin
Chalk (120 to 200 m) which are upper Cretaceous age.
The Balcones Fault Zone escarpment is the terminus for the
southern and eastern edge of the Edwards Plateau where it
intersects the Gulf Coastal Plain. The Texas Hill County is the
dissected edge of the Edwards Plateau. The landscape is covered with oak and juniper separating the flat-lying rocks of the
Edwards Plateau from the gently coastward-dipping sediments

Figure 3. Major paleo-geographic features related to carbonate deposition in the early Cretaceous.
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et al., 1995). The measured thickness of the combined Person
and Kainer formations is 100 to 130 m. The Georgetown
Formation, which overlies the Edwards Group, is typically
included with the Edwards Group. The Georgetown Formation ranges from 1 to 7 m thick.
The Devils River trend was deposited between the Maverick
Basin and the San Marcos Platform and represents a shoal
area formed under largely open, shallow-marine conditions.
The Devils River Formation (Rose, 1972), deposited on the
margin of the San Marcos Platform, occupies most of Medina
County and eastern and northern Uvalde County. The Devils
River Formation can be as much as 230 m thick.
The Maverick Basin is found in southern and western
Uvalde and Kinney counties and has been subdivided, from
oldest to youngest as the West Nueces, McKnight, and Salmon
Peak formations. The Maverick Basin was a site of deposition
occurring below the wave base. The estimated thickness of
the Maverick Basin deposits is as much as 300 m. The relative
locations of the San Marcos Platform, Devils River trend, and
Maverick Basin are shown in figure 3.
The Del Rio Formation is a calcareous shale that overlies
the Georgetown Formation and is distinctively recognizable
in outcrop, cuttings, core, and geophysical logs. The Del Rio
acts as a confining unit separating the Edwards Group from
overlying units. The base of the Del Rio Formation is used
to identify the top of the Edwards Group and is 20 to 40 m
thick. The Del Rio Formation is noted for many megafossils
including Exogyra arietina. The Buda Limestone, Eagle Ford
Limestone, Austin Group, and other sedimentary and alluvial
layers compose the upper units of the Upper Cretaceous
Period in the Balcones Fault Zone region.
The Balcones Fault Zone is arc-shaped and spans much
of Central Texas. It ranges from between 10 and 60 km wide
and trends to the east in Uvalde County to the northeast from
Bexar County north. Faults associated with the Balcones Fault
Zone have a northeast to southwest trend. Balcones faulting
occurred during late Oligocene through early Miocene time
(approximately 35-20 million years ago). The Edwards Limestone forms the Edwards Plateau and the Texas Hill Country
is the dissected edge of the Plateau. Within the Contributing
Zone, the Edward Limestone forms hilltops with the older
Glen Rose Limestone forming the valley bottoms. In plan
view, fault blocks are elongate and relatively narrow with the
long axes oriented NE-SW. Fault displacements range from
near zero to approximately 300 m, while the maximum total
displacement is 400 m (Weeks, 1945) with little lateral movement. The net effect of Balcones faulting is structural thinning
of the Edwards Group, which has important implications for
groundwater flow such as constrictions and diversions that can
cause the local water table to fluctuate from fault block to fault
block. Areas of constriction are greatest where fault throw is
greatest.
Although the faults are typically described as normal
displacement and down to the southeast, the Balcones Fault
Zone contains many reverse faults, intense fracturing, rotated
fault blocks, and ramp structures. Faulting was more intense in
the eastern parts of the Balcones Fault Zone, displacements
are less in the west. Faulting juxtaposed informal units of the
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Edwards Group and Glen Rose Limestone against each other
by the displacement which created a variety of fault deformation styles depending on the lithologies involved. Faults that
displaced hard limestones in the Edwards Group are abrupt
and nearly vertical with numerous small faults, and block rotation and bed tilting are not common (Ferrill et al., 2003). In
contrast, larger damage zones up to several decimeters wide
occurred in the softer sediments of the Glen Rose Limestone,
and small faults and rotated fault blocks are common.
Relay ramps are important structural features of the
Balcones Fault Zone region. They form when two normal
faults propagate parallel to each other, and create a relay ramp
between the terminations or tips of the faults. The relay ramp
may bend and enlarge as the fault footwall drops relative to
the headwall, causing small extensional faults. Ultimately the
relay ramp may deform extensively. Relay ramps have been
identified in the San Marcos and San Antonio areas. Secondary
permeability created by relay ramps may provide pathways for
groundwater flow between fault blocks, especially perpendicular to the Balcones Fault strike direction (Ferrill et al., 2003;
Fratesi et al., 2015).
Maximum displacements along the aquifer range from as
little as 60 m in the westernmost part of the region, to about
500 m over a maximum width of 100 km in Comal County
(George, 1952). In some locations, faulting is greater than the
total thickness of the aquifer, in other locations; reverse faults
have created a number of horst and graben systems.

Hydrology of the Edwards Aquifer
The Balcones Fault Zone segment of the Edwards Aquifer
is differentiated from the Edwards/Trinity Aquifer system.
The Edwards/Trinity system is generally located to the north
and at higher elevations than the Balcones Fault Zone segment.
The surface exposures of the Edwards Limestone are
characterized by the presence of sinkholes, sinking (losing) streams, caves, springs, and a well-integrated subsurface
drainage system. It is one of the most productive groundwater systems in the United States, characterized by extremely
productive water wells (5,000 L/s) and high spring discharges
(9 m3/s) with some wells exceeding 20,000 L/s with measured
drawdowns of less than 30 cm. The Edwards Aquifer is a
triple permeability system with water occurring in the rock
matrix, within fractures and bedding plane partings, and within
conduits and caves. The aquifer exhibits extremely high (cavernous) porosity and permeability throughout much of the
Artesian Zone. Yields in the Recharge Zone are usually much
less but generally capable of providing domestic and stock
well yields (Maclay and Land, 1988).
Generally, groundwater in the Artesian Zone flows from the
west to the east to discharge at large springs located in Comal
and Hays counties. Flow in portions of the aquifer is turbulent
in nature in some locations including the Recharge Zone and
possibly the area around the springs. In contrast, aquifers that
occur in sand and gravel or in other rock types, such as sandstone, have a much lower permeability. The Edwards Aquifer
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transmits very large volumes of water and with very high
permeability, allowing groundwater levels to respond quickly
to stress events such as drought or rainfall (recharge) events
(Lindgren et al., 2004).
Water circulates through the Edwards Aquifer as part of
the hydrologic cycle from recharge areas to discharge points
(springs and wells). As water flows south and east from the
Contributing Zone, most surface streams lose all or most
of their water as they pass over the exposed Edwards Limestone in the Balcones Fault Zone. During dry conditions, few
streams make it past the Recharge Zone to reach the Gulf
of Mexico. Water also enters the Edwards Aquifer through
interformational flow between the Glen Rose Limestone and
the Edwards Limestone and efforts are underway to quantify
this volume. The underlying geology of the Contributing
Zone includes the Edwards Limestone and less permeable but
highly variable Glen Rose Limestone. The Contributing Zone
covers approximately 14,143 km2.
The Recharge Zone is composed of the exposed Edwards
Limestone and covers approximately 3,237 km2. Allogenic
water from surface streams that originate on the Contributing Zone crosses the Edwards Limestone and sinks into the
ground though fractures, faults, and caves. During heavy
rainfall, the infiltration capacity of surface streams may be
exceeded and runoff will exit the downstream end of the
Recharge Zone to continue its overland flow to the Gulf of
Mexico. Autogenic recharge from precipitation also contributes to recharge of the aquifer.
The average depth to water in the Recharge Zone is more
than 70 m. However, during large storm events, water levels
in the Recharge Zone may rise more than 30 m in less than
24 hours. Water entering the Recharge Zone moves south and
east to enter the Artesian Zone.
Faulting along the Balcones Fault Zone has resulted in the
formation of the Artesian Zone. The upper boundary of the
Artesian Zone is formed by the Del Rio Clay and the lower
boundary is low permeability marl beds located in the upper
Glen Rose Limestone. Faulting associated with the Balcones
Fault Zone has dropped the Edwards Limestone to hundreds
of meters below the surface along the aquifer’s southern
boundary. The depth of faulting has resulted in pressurization of the Edwards Aquifer and creates flowing artesian wells
in the down dip section of the aquifer. In southern Medina
County, fresh water can be found in the Edwards Limestone
as much as 1,200 m below the surface.
Water in the Artesian Zone flows east and northeast to
naturally discharge at a series of springs. From west to east,
the springs discharging the San Antonio segment of the Edward Aquifer are: Leona Springs (Uvalde County), San Pedro
Springs and San Antonio Springs (Bexar County), Comal
Springs and Hueco Springs (Comal County), and San Marcos
Springs (Hays County), respectively. Comal and San Marcos
springs account for the majority of the flow from the system
during normal conditions and provide flow to support sensitive habitats that harbor a number of endemic, endangered
species.
Water is also withdrawn from the Edwards Aquifer through
water wells. Large capacity wells are used to support munici-
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pal, agricultural, and industrial uses. Water wells are also used
for domestic and stock purposes in rural areas of the region.
Depending upon the year, as much as half of the water discharging from the aquifer is through wells (EAA, 2010).
The down-gradient limit of the aquifer is defined by the
Saline Water/Fresh Water Interface—also referred to as the
“bad water line” and generally considered as occurring at
1,000 mg/L total dissolved solids (TDS) (recommended maximum drinking water standard for TDS). The chemical gradient
between fresh water and saline water in the aquifer can be very
steep with some areas of the saline zone quickly approaching
and exceeding concentrations of sea water. Fresh and saline
zones may vertically be interfingered with depth. The saline
water portion of the aquifer is noted for having high concentrations of H2S.
Changes in groundwater elevations in the freshwater portion of the aquifer are highly variable depending upon stresses
on the aquifer—during the October 1998 storm event, water
levels in some wells in the Recharge Zone rose more than 50
m in a few days. The highly interconnected openings in the
Edwards Limestone results in some of the highest yielding
wells in the world. Numerous wells pump more than 40,000
liters per minute with no measurable draw down. The Catfish
Farm well, located in southern Bexar County, was estimated
to yield more than 120,000 liters per minute and discharged
water under artesian pressure more than 10 m into the air.
The residence time for water in the aquifer ranges from a few
hours to many years.
The Edwards Aquifer has one of the most diverse fauna of
any groundwater system and attests to the interconnected cavernous porosity of the aquifer. More than 40 endemic species
utilize the aquifer and include both vertebrate and invertebrate
species. Some are found across wide areas of the aquifer and
provide insight into the interconnectedness of conduits. A
number of species, including two species of catfish are found
along the saline water/fresh water interface. These areas do
not have a rapid influx of storm water during rain events and
the ecological communities do not appear to be based on detritus entering the aquifer. Rather, they appear to be based on
bacteria that are utilizing the chemical gradient along the saline
water/fresh water interface (Rye et al., 1981).

Evolution of the Edwards Aquifer
The evolution of the Edwards Aquifer has occurred from
areas of higher elevation to lower elevations. The western
portion of the Edwards region, including parts of Kinney,
Uvalde, and Medina counties, appears to have been the first
areas exposed to surface karst processes. The presence of a
number of relict caves that are no longer part of the active hydrologic system have structures that indicate they were formed
by upward flowing water. These paleo springs have been
abandoned as water levels in the aquifer were lowered, most
likely as a result of the opening of springs at lower elevations
(in eastern Medina County and Bexar County). San Antonio
(202.7 m msl) and San Pedro springs (199.6 m msl), located
in San Antonio, are currently overflow springs that discharge
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water when aquifer levels are above average. These springs
most likely had a larger discharge when aquifer levels were
higher during early formation of the aquifer. Comal Springs
(188.4 m msl), the largest spring in the southwestern US, is
located in New Braunfels, approximately 40 km northeast and
at a lower elevation than the San Antonio spring complex.
As Comal Springs emerged along the Comal Springs fault,
it has become more efficient and has increased its flow over
time—dropping water levels in the Bexar and eastern Medina
counties and regulating the San Antonio spring complex as
overflow springs. San Marcos Springs (175.3 m msl), located
in San Marcos is at lower elevation than Comal Springs and
histrocially has averaged approximately two thirds the flow of
Comal Springs. Overtime geologic time (100,000’s of years),
San Marcos Springs will become more efficient and become
the dominant spring in the Edwards Aquifer and Comal
Springs will be relegated as an overflow spring. The ultimate
evolution of the system is Barton Springs (133 m msl), located
in Austin near the Colorado River and at a lower elevation
than Comal or San Marcos Springs, which will eventually
become the primary spring for the San Antonio Segment of
the Edwards Aquifer. Tracer testing has shown that recharge
from the Blanco River discharges at San Marcos Springs but
during low flow conditions, a small percentage also discharges
at Barton Springs (Johnson et al., 2012).

Hypogenic Processes in the Edwards Aquifer
Recent data and new interpretations suggest a combination of processes contributed to the formation and structure
of the Edwards Aquifer (Klimchouk, 2007). Epigenetic
processes are thought to enhance permeability during its
downward or horizontal movement in carbonate rocks. Water
becomes saturated with respect to calcite and loses its ability
to continue to dissolve at depth. However, Klimchouk (2007)
concludes that rising waters from depth are important agents
of karst development. Palmer (2000) argues that hypogenic
karst is formed by water in which the aggressiveness has been
produced at depth independent of surface or soil CO2 or
other near-surface acid sources. Klimchouk (2007) suggested
that hypogenic speleogenesis should rather refer to the source
of groundwater as it is a medium of transport of aqueous and
non-aqueous matter and energy and the only main attribute
of hypogenic karst is it’s “lack of genetic relationship with the
groundwater recharge from the overlying surface” (Dublyansky, 2014). Irrespective of which definition is utilized,
dissolution at depth in the Edwards Aquifer has occurred and
is occurring.
Epigenic processes in the Edwards Aquifer occurred during
early subaerial exposure and are now occurring within the
shallow artesian and outcrop area (Recharge Zone). Hypogenic processes have occurred in the geologic past, most likely
after burial during the late Cretaceous and is currently actively
occurring in the deep Artesian Zone and accounts for the
widespread distribution of high permeabilities. The unsaturated Recharge Zone of the Edwards Limestone contains
remnants of relict hypogenic processes which are now being
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overprinted by epigenic processes. Many relict caves in the Edwards outcrop exhibit evidence of being formed by ascending
water. Some appear to have been associated with paleo springs
that were abandoned as water levels in the aquifer declined.
Early researchers proposed that circulating meteoric waters
formed the Edwards Aquifer with initial karstification along
preferential flow paths created by paleokarst processes. These
processes may have originated during the subaerial exposure
of the Edwards Limestone in the Cretaceous (Maclay and
Small, 1984). After burial, the paleokarst provided the initial
zones of enhanced permeability and allowed deep circulation
of meteoric waters and the formation of the present aquifer
(before formation of the Balcones Fault Zone). The degree of
early karstification within the Edwards Limestone is difficult
to determine and it is not clear how much influence early
karstification had on formation of deep circulation flowpaths
in the Edwards Aquifer. This process does not explain many
of the caves and karst features observed in the Recharge and
Contributing zones and some of the hydrologic properties of
the deep artesian portions of the aquifer.
Caves and sinkholes in the Recharge and Contributing
zones have provided insight into the formation of active and
relict portions of the Edwards Aquifer. Caves and enlarged
fractures and faults actively recharge water to the Edwards
Aquifer from surface streams and direct recharge.
Some caves located along the edge of the Edwards Plateau,
within the Contributing Zone, are actively draining a portion
of the plateau. Perry Water Cave is an example of an active
stream cave in Real County. This cave has more than nine
kilometers of mapped stream passage. Other caves have been
isolated and abandoned from active groundwater circulation
by lowering of the land surface of the Recharge Zone and/
or retreat of the edge of the Edwards Plateau. Most of these
caves are found in the Edwards Limestone near the tops of
hillsides. Examples are Sandtleben Cave and Langford Cave
in Uvalde County. There are also active epigenic caves formed
in the Recharge Zone. Indian Creek Cave, located in Uvalde
County, has a flowing stream along much of its length. The
cave entrance is a vertical shaft located in a dry creek bed
which was discovered by excavation. The cave is more than
five kilometers in length and passages also traverse an igneous
dike in the mapped area identified as the zig zags. Entrance
into caves associated with active recharge features of the
Edwards Aquifer are relatively rare and most entrances in active streamways appear to be filled with cobbles and boulders
derived from the edge of the Edwards Plateau. Ruhe Sink
in Medina County is an insurgence cave located in a stream
channel that opens and closes depending upon floodwater and
bedload of the stream.
A number of caves located in the Recharge Zone have
morphologies that are characteristic of caves formed by
ascending water. Some of the best examples are Valdina Farm
(Seco Creek) Sinkhole, which includes a 50-m deep entrance
pit located in Medina County. The entrance contains a number
of large cupolas in the entrance area that indicate they were
formed by ascending water. Valdina Farm is located just up
gradient of the Woodward Cave Fault. Kneaper Ranch Cave,
also appears to be formed by ascending water and is also locat-

84

Hypogene Karst of Texas

ed just up gradient from a large fault displacing the Edwards
Limestone against the Buda Limestone. These faults may
have acted as a barrier to groundwater flow and forced water
upward. Other caves with unusual cave morphologies include
Dripstone Cave, Queen of the Frio, and Frio Bat Cave. These
caves appear to preserve a record of upward flowing water as
a result of much higher aquifer levels in the geologic past.
Near surface epigenic processes do not adequately explain
many features in the Edwards and other carbonate aquifers
with deep circulation systems under artesian conditions. The
Edwards Aquifer displays several characteristics unusual
among epigenic carbonate aquifers including the following:
1. proliferation of highly productive water wells within the
Artesian Zone, some producing more than 20,000 liters
per minute with minimal drawdown;
2. circulation of freshwater to depths greater than 1,200 m
and 800 m below sea level;
3. large catchment area and aquifer flowpaths of more than
200 km in length;
4. vertically upward gradient for groundwater in the Artesian Zone;
5. relict caves located in the recharge zone that appear to be
formed by ascending water;
6. diverse and extensive aquifer ecology;
7. many of the caves contain high concentrations of CO2,
some above safe working levels; and,
8. the presence of biogenic H2S in the deep portions of
the Artesian Zone enhancing mixing corrosion along the
saline water/fresh water interface.
The southern and eastern boundaries of the freshwater portion of the aquifer are generally placed where total dissolved
solids (TDS) are equal to 1,000 mg/L (recommended maximum drinking water standard). This boundary is called the
saline water/fresh water interface or Bad Water Line (BWL).
Generally, TDS increases rapidly south (towards the Gulf of
Mexico) of the BWL to equal or exceed sea water. However,
in the central portions of the aquifer in southern Medina and
Uvalde counties, the chemical gradient is more gradual. The
saline water zone is enriched with chloride and sulfate which
indicates water trapped in the formation during lithification
(connate water) as well as dissolution of gypsum from units
identified in geophysical logs of well borings in the saline
water zone. In addition, saline water may be migrating up dip
from deeper zones to the south. Mixing of different water
chemistry has resulted in mixing corrosion as defined by Bogli
(1964). The addition of hydrogen sulfide (H2S) from bacterially mediated processes such as sulfate (SO4 2-) reduction also
increases the aggressiveness of the water along the BWL.
Sulfate-reducing bacteria use the sulfate and trace amounts of
organic material as an energy/food source. The reduction of
sulfate to sulfite produces hydrogen sulfide. The H2S, when
mixed with oxygenated water, forms sulfuric acid (H2SO4).
In addition, water in the deeper portions of the Artesian
Zone is thermally warmed because of the depth of circulation with temperatures commonly above 30° C. The increase
in temperature decreases the viscosity of water and creates a
preference for deeper flowpaths for regional aquifer systems.
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As the water rises and cools, its ability to dissolve calcium
carbonate also increases (Worthington, 2001). The source
and role of CO2 in the artesian portion of the aquifer and
within caves in the Recharge Zone is unclear. The source may
be the off-gassing from biologic processes in groundwater.
Gas samples have been collected from Comal Springs and are
slightly enriched in CO2. Another source of CO2 may be from
degassing from bacteria feeding upon petroleum and degassing from the Edwards Limestone rock mass. It is clear that
the source of CO2 is not from organic material being washed
into cave entrances during rainfall events. Some evidence of
condensation corrosion can be observed on the walls of some
caves in the Recharge Zone.
Mixing corrosion plays an important role in creating dissolution along the saline water/fresh water interface. This has
allowed the creation of large horizontal flow paths from major
recharge features in the western portion of the aquifer to
discharge at Comal and San Marcos springs to the northeast—
a distance of more than 200 km. The migration of the BWL
down dip over geologic time certainly accounts for some of
the high degree of permeability throughout the Artesian Zone
of the Edwards Aquifer. The distribution of highly adapted
aquifer biota in the aquifer system reflects on the continuous
nature of large conduits in the Artesian Zone.
Yields of wells completed in the Artesian Zone of the
aquifer can exceed 20,000 liters per minute with minimal drawdown indicating exceptional permeability at depth. Maclay and
Land (1988) indicate that discharge from many wells is only
limited by the discharge capability of the pump. The Edwards
Aquifer is also one of the most biologically diverse aquifers
with more than 40 species of invertebrates present throughout
the aquifer as well as at least five different species of salamanders and fish found in the aquifer. Much of the fauna are
found along the saline water/fresh water interface indicating
a dense network of enlarged and interconnected conduits
throughout the aquifer.
The potentiometric surface in many areas of the Artesian
Zone is commonly hundreds of meters above the contact
between the Edwards Limestone and Del Rio Clay, the upper
confining unit of the Edwards Aquifer. In many locations
along the BWL, the potentiometric surface extends above the
land surface and flowing wells are common. However, regulation of flowing wells since the late 1990’s has stopped the
uncontrolled flow of water from artesian wells.
Regional flow systems (such as the Edwards Aquifer) terminate in springs where the groundwater returns to the surface.
Such spring locations are complex, dynamic functions of the
rock structure, hydrogeologic properties and the erosion of
the land’s surface—and are discrete points that occupy a very
small fraction of the aquifers’ areas. Springs are regions of upward, convergent flow. Klimchouck (2007) describes a suite of
characteristic karst geomorphologic features that develop in
such hypogenetic zones (areas of rising transverse flow zones).
The active examples of Klimchouck’s (2007) hypogene karst
features are currently saturated in the artesian zone including
the area beneath karst springs. The existence of such features
can be inferred (and favorable geometries imaged) from hydrophysical measurements and information from water wells,
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geophysical surveys, and tracer tests. However, there is also
evidence from relict caves in the Recharge Zone that indicates
that hypogenic processes have been widespread and may have
played an important role in the evolution of the aquifer.

Conclusion
The Balcones Fault Zone Edwards Aquifer is one of the
largest and most productive aquifer systems in the United
States. Water enters the aquifer in the recharge zone and flows
from west to east to emerge in a series of large springs located
in the urban areas of San Antonio, New Braunfels, and San
Marcos, Texas. Flowpaths in the aquifer exceed 200 km. Hypogenic processes have played an important role in the formation of the aquifer system and, coupled with mixing corrosion,
most likely accounts for the wide distribution of extreme permeabilities across the system. The depth of circulation in the
artesian portions of the aquifer exceeds more than 1,000 m in
southcentral Medina County and results in water temperatures
that approach 30° C.
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Abstract

According to the Texas Speleological Survey (2014), the
Lampasas Cut Plain is defined as an area bounded to the north
by the Brazos River, to the south by the Colorado River, and
to the east by the Balcones Fault System. The landscape and
its topography are largely controlled by the erosional behavior
of the Edwards limestones and marls, with downcutting of
major rivers and streams dissecting the mostly flat mesa-like
drainage divides by the Brazos River and its tributaries (Hayward et al., 1990). The topography becomes rolling in areas
proximal to streams, exposing Lower Cretaceous carbonates
from the Fredericksburg and Trinity groups. Soil development is minimal on the divides with better developed soils
at the base over the Comanche Peak and Walnut Clay units
that dominate the valleys (Riskind and Diamond, 1986). The
Lampasas Cut Plain covers over 18,000 km2, including part or
all of Bell, Bosque, Brown, Comanche, Coryell, Erath, Hamilton, Hill, Hood, Johnson, Lampasas, McLennan, Mills, and
Somervell counties (Fig. 1).
The climate of the Lampasas Cut Plain is sub-humid and
becomes increasingly arid to the west and cooler to the north.

The Lampasas Cut Plain is associated with the northern extent of the Edwards Plateau and is characterized by exposures
of Lower Cretaceous Comanchean Series carbonates of the
Trinity, Fredericksburg, and Washita groups. In the eastern
section, the topography is dominated by plateaued drainage
divides capped by resistant limestones with steep slopes and
scarps exposing the inter-fingering Edwards and Comanche
Peak limestones. Exposures along these scarps reveal significant karst development near the Comanche Peak and Edwards
boundaries, including caves, shelters, grottos, vugs, and tafoni.
Surficial karst features associated with these plateaus include
sinks and caves with upward stoping and collapse structures,
including significant overprinting by epigenic processes.
Permeability varies greatly over the boundaries of the Comanche Peak and Edwards; the inter-fingered formations have
likely created a semi-confined aquifer system where deeper
seated fluids migrate upwards through low permeability strata
along preferential flow paths and communicate with meteoric waters near the ground surface. Geochemical analyses
of springs within the Fort Hood Military Installation and the
inter-fingering nature of the Comanche Peak and Edwards
limestone occurring within these high energy shoal deposits
indicates a mixed fluid system where deeper-seated phreatic or
semi-confined hypogenic waters migrated upwards to maintain base flow as the landscape evolved. Since there are many
conduits at the surface for direct recharge of both the Trinity
and Edwards aquifers, the possibility of the Trinity Aquifer
providing potentiometric pressure for ascending fluids is a
probable potential driver for hypogenic speleogenesis within
the Lampasas Cut Plain.

Introduction
The Lampasas Cut Plain region can be defined as the
southern extension of the Great Plains of North America
and/or the northwestern extension of the Edwards Plateau,
and is located in north central Texas. While both definitions
would be correct in a larger sense, the Lampasas Cut Plain is
distinctly different from these neighboring regions, both as a
physiographic province and a karst region. Although there are
similarities between the Lampasas Cut Plain and the Edwards
Plateau, the genesis, geomorphic evolution, and karst development of the area does not favor inclusion with the Edwards
Plateau, but rather deserves an independent explanation of the
complex development of the region.

Figure 1. Karst features within the Lampasas Cut Plain, data sourced
from Texas Speleological Survey, 2014.
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Due to the Gulf Stream, prevailing winds are generally from
the south and the general decrease in moisture content of air
from the Gulf of Mexico as it flows northwestward across the
plain is the controlling factor responsible for this difference
in moisture regime (Bradley and Malstaff, 2004). Mean annual
precipitation decreases from east to west, ranging from about
85 cm/yr on the eastern edge to 35 cm/yr on the western
edge. Summer highs and lows do not vary significantly and
average about 35° C and 22° C, respectively. The average minimum January temperatures decrease northward, ranging from
approximately 4° C to 0° C.
Although the area is dominated by cave-forming carbonates,
until recently, the Lampasas Cut Plain has not been extensively
explored by local or regional caving groups (Reddell, 2001).
The first recorded visits to any of the caves in this region were
made in the 1940s and recounted in Bulletin 10 of the National Speleological Society (White, 1948). Grottos from the
University of Texas, led by David McKenzie, began exploring caves in Bell and Coryell counties in the 1960s. Their data
were published by the Texas Speleological Survey (McKenzie
and Reddell, 1964); this work attracted other groups such as
the HUACO Cavers of Waco, the Coryell County Cavers in
Temple, the University of Texas Speleological Survey in Austin, the Dallas-Fort Worth Grotto, and the Maverick Grotto in
Arlington to the area.
To date, surface mapping and LiDAR analyses by Reddell et
al. (2011), Bryant (2012), and Faulkner (2013a) across the Fort
Hood Military Installation have identified over 300 caves, 80
springs, 667 sinks and 491 shelter caves. Outside the boundaries of Fort Hood, few caves have been documented within the
Lampasas Cut Plain (Fig. 1). Much of the land and cave access
in this area is owned and controlled by private individuals or
is located within the Fort Hood Military Installation, making public access problematic. In recent years, the Fort Hood
Natural Resources Division has contracted with environmental consulting firms and research partners to inventory and
document the natural resources including caves, rock shelters,
sinkholes, and springs located on the base to facilitate land use
planning and document environmentally sensitive areas. These
inventories, as well as research projects conducted by karst
geoscientists and hydrologists, have greatly improved the understanding of karst systems within the Lampasas Cut Plain.

This area has been characterized as a dissected dip
plain, with the rocks to the
west of the Balcones Fault
Zone gently dipping to the
east at less than one degree;
east of the fault zone, the
dip increases to about one
degree. The erosional dissection of the Lampasas
Cut Plain has been done
by first and second order
streams, with first order
streams such as the Brazos,
Leon, Lampasas, and
North Bosque rivers flowing at angles to the regional
dip and dissecting the
Lampasas Cut Plain along
Figure 2. Stratigraphic column of
previously established
the Lower Cretaceous Trinity, Fred- flow routes. Second order
ericksburg, and Washita groups
streams such as the Middle
for the prominent lithologies of
Bosque River, Hog Creek,
the Lampasas Cut Plain (modified
and Coryell Creek flow to
from Amsbury et al., 1984).
the east in the general dip
direction. These streams, with their tributaries, are responsible
for most of the slope retreat and incision that has created the
unique topography of the Lampasas Cut Plain. As streams
have cut down through the more easily eroded Georgetown
Formation and have further eroded into the more resistant
Edwards Group, the interaction between surface water and
groundwater within the aquifers below have characterized
the erosional forces and topographic expression that define
the area. In the southern extent of the Lampasas Cut Plain,
the drainage divides are capped by the resistant Edwards and
characterized by steep slopes and scarps with interbedded
exposures of the Edwards and Comanche Peak formations.
These scarps are common in areas where first order streams
have significantly widened stream valleys. The northern extent
of the Lampasas Cut Plain is characterized by exposures of
the Georgetown Formation, most noticeable in areas where
second order streams have not completely removed the more
easily eroded material.

Geologic Setting

Geologic History
The tectonic history of the Lampasas Cut Plain began in
the Precambrian as thick sequences of sediments were deposited into a shallow sea along the Laurentian margin (Walker,
1979). As sea level fluctuated in the early to mid-Paleozoic,
transgressing seas deposited Ordovician carbonates and clastics of the Ellenburger Group in the south-western section of
the Lampasas Cut Plain near Lampasas and San Saba counties. During the Pennsylvanian Period, the Ouachita Orogeny
occurred along the southern Laurentian margin; the resulting
deformation caused crustal downwarping to the west and
the eventual uplift of the Concho Arch, an elongated topographic positive structure that extended along a NNW trend
to the west of the Lampasas Cut Plain. Continued deforma-

The Lampasas Cut Plain is dominated by exposed carbonates, mostly thick sequences of Lower Cretaceous Comanchean Series limestone and dolostone, known traditionally and
informally as the “Edwards.” The Lampasas Cut Plain, which
represents a generally more mature landscape than the main
portion of the Edwards Plateau to the south and west, is composed of strata from the Trinity (Glen Rose), Fredericksburg
(Edwards), and Washita (Georgetown) groups (Fig. 2). Patches
of limestone, dolomite, chert and marl alternately crop out
across the area (Rose, 1972; Amsbury et al., 1984; Adkins and
Arick, 1930).
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tion initiated the development of the Concho Shelf and Bend
Flexure to the north, and the Eastern Shelf along the western
flank of the Concho Arch (Anaya and Jones, 2009). As the
Paleozoic Period came to a close and the Laurentian continent was assimilated into the Pangaean supercontinent, the
Central Texas region began to tilt to the northwest along the
Ouachita orogenic front and sediment from the surrounding
uplands filled the western basins as organically-rich sediments,
reef structures, and coastal deposits were covered, buried, and
compressed (Walker, 1979; Talbert and Atchley, 2000).
At the beginning of the Mesozoic, Pangaea began to break
apart and the remains of the Ouachita mountain range began
eroding into the newly opened Gulf of Mexico (Anaya and
Jones, 2009). Mesozoic transgressive sequences, the Zuni and
the Tejas, deposited large packages of sedimentary rock over
Paleozoic erosive surfaces. In the Central Texas region, these
rocks are the Glen Rose Formation, the Fredericksburg Group
(including the Edwards) and the Washita Group (Talbert and
Atchley, 2000; Fig. 2). In the late Cretaceous and into the early
Tertiary, this area was influenced by the Laramide orogeny; the
regional uplift of the Edwards Group resulted in the exposure
and partial erosion of Edwards sediments, which increased
secondary porosity and tilted the strata to the southeast (Elliott and Veni, 1994).
As a result of the uplift and aerial exposure in the Tertiary,
the rivers flowing across Central Texas began to erode the
softer rocks and sediments of the Upper Cretaceous and early
Tertiary, sending massive sediment influxes to the east toward
the widening Gulf of Mexico. The harder, more resistant
Edwards Limestone formed a broad, flat plateau that was
dissected by the erosive force of the major river systems. In
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the late Miocene, the buried Lower Cretaceous Texas coastline
provided sufficient crustal weakness for the uplifting of the
Central Texas region along the trend of the former Ouachita
deformation zone, creating the Balcones Fault Zone and defining the Edwards Plateau (Bloom, 1998; Fig. 3).
In the Quaternary, substantial climatic changes helped
redefine the topography in the Central Texas region. Windblown loess deposits built the foundations for soil accumulation across the prairies and increasing available moisture
from melting glaciers helped build the major watersheds of
the Trinity and the Brazos rivers. Over time, the Brazos and
Trinity watersheds eroded the north/south trending Balcones
escarpment from its original location to the present location
nearly 320 km to the west (Woodruff and Abbott, 1979).
Structural and Stratigraphic Controls on
Karst Development
The Balcones Fault Zone is the major structural feature
influencing the geology of the Edwards Plateau and Lampasas
Cut Plain. It extends as an arcuate belt of en echelon normal
faults from Del Rio to Dallas with recent faulting (between 24
and 5 Mya) initiating the uplift and subsequent dissection of
the Lower Cretaceous strata (Fig. 4). Most of the displacement
along the fault ssystem is believed to have occurred in the late
Oligocene or early Miocene as evidenced by the abundance of
reworked Cretaceous fossils and limestone fragments in fluvial
sandstones created down-dip of the major fault trends (Adkins and Arick, 1930; Ferrill and Morris, 2008) There is some
evidence for both earlier movement along faults within this
zone during the late Cretaceous and perhaps later movement
during the Pliocene, but evidence is inconclusive at present.

Figure 3. Within the Lampasas Cut Plain, the Edwards and Trinity aquifers both receive direct recharge from the surface. Communication between the Trinity and Edwards Aquifer could serve as a potentiometric driver for continuous discharge along the
edges of the plateaus (modified from Blome et al., 2015).
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Figure 4. Location map showing regional features which influenced
the depositional environment for the Trinity, Fredericksburg, and
Washita groups on the Comanche Shelf behind the Stuart City Shelf
Margin trend (modified from Anaya and Jones, 2009).

These major normal faults generally strike N/NE and dip
from 40° to 80° (Ferrill and Morris, 2008). The net throw
across the fault zone is down toward the east, although faults
dip both to the east and west (Senger et al., 1990). There are
some faults that have been mapped sub-perpendicular to the
major Balcones faults, but they are not well exposed in the
northern segment of the Edwards Plateau and Lampasas Cut
Plain and could be related to the reactivation of basement
deformation associated with Paleozoic rocks and the Ouachita
Orogeny (Ferrill and Morris, 2008). In the southern part of
the Balcones Fault System, the fault curves around to the west
and juxtaposes the older Glen Rose Formation against the
younger Edwards Group. These western trending faults in the
northern segment could be sub-parallel to this major trend in
the south, but more evidence would be needed (Anaya and
Jones, 2009; Cannata and Yelderman, 1987).
Displacement along the main fault-line scarp varies, and decreases from east to west. This fault bound exposure of limestone has resulted in a compartmentalization of the Edwards
Aquifer into a narrow belt that includes most of the recharge
and discharge areas within the eastern basins (Cannata and
Yelderman, 1987; Eckhardt, 2012; Fig. 3). Breccia zones, nearly vertical dipping strata, and abundant minor faults and joints
occur adjacent to the major faults as well as gentle monoclinal
and anticlinal flexures that occur near these major faults. The
activation of this fault system and the subsequent deformation was probably caused by a number of contributing factors
such as the migration of Jurassic salts in the off-ramp basin,
the southeastern extension of the Gulf of Mexico associated
with Basin and Range tectonism, and tensional stress along the
Ouachita fold and thrust belt precipitated by the accumulation
of sediments in the Gulf of Mexico (Rose, 1972; Ferrill and
Morris, 2008).
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Stratigraphy
Within the Lampasas Cut Plain, the majority of known
caves are found within the Edwards and Georgetown formations, with the Edwards being the most important cave forming unit in the region. A few caves have been documented in
the upper Cretaceous Austin Chalk and in the lower Cretaceous Comanche Peak, but these are the exceptions. Cave
forming strata are mostly exposed in the eastern section of
the study area (Fig. 5), where the Edwards provides a resistant
cap over broad drainage divides and steep scarps. The lower
valleys along creeks and rivers are covered by deeper soils
and vegetative cover with few prominent exposures of Lower
Cretaceous rocks. The Comanche Peak outcrops are exposed
along the base of the plateaus, inter-fingering with exposures
of the Edwards Group. Across the top of the plateaus, the
Edwards Group forms the cap rock and varies from rudistidrich limestone to vuggy, porous outcrops (Amsbury et al.,
1984; Cannata and Yelderman, 1987).
Early geologic mapping by Barnes (1970) shows the undivided Edwards Group conformably overlying the Comanche
Peak Limestone, with the Edwards thinning to the north and
gradually interfingering with the Comanche Peak (Fig. 2).
Within the Lampasas Cut Plain, the Edwards can be quite variable; thicknesses range from approximately two to fifty meters,
with an average of ten to twenty-five meters. In this region,
Cannata and Yelderman (1987) described the Edwards as a
massive rudist reef limestone with elongate reef front circular
bioherms. Deposition of these bioherms began approximately
110 Mya on the Comanche Shelf, which was constructed on
the tectonically positive Llano and Devils River uplifts in Texas behind the main structure of the Stuart City Shelf Margin

Figure 5. The geology of the Lampasas Cut Plain is dominated by
Lower Cretaceous carbonates from the Trinity, Fredericksburg, and
Washita groups.
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complex (Nelson, 1973). The Comanche Shelf was bounded
on the east and south by a relatively deep-water oceanic basin,
the ancestral Gulf of Mexico, and on the north and west by
an extensive shallow-water open marine basin, the North
Texas-Tyler basin (Fisher and Rodda, 1969; Fig. 4).
Although there are many geologic formations that crop out
within the region (Fig. 2), for ease of discussion, the lithologies have been grouped into larger packages (Fig. 5). Within
the Lampasas Cut Plain, the following lithologies are recognized:
Lower Cretaceous Units (pre-Edwards) – The Glen Rose,
Paluxy Sand, and Walnut Clay. These units comprise much of
the Lower Cretaceous and consist of limestones, clays, marls,
shales and sandstone. Outcrops are confined to lower elevations and along developed drainages with varying thicknesses.
Alternating sequences between depositional environments
within the Glen Rose expose resistant ridges of limestone
separated by less resistant ridges of soft marl, creating characteristic stair-step topography commonly found in Glen Rose
outcrops.
Comanche Peak Limestone (Kc) – The Comanche Peak
Formation is a nodular limestone and marl sequence with
a maximum thickness in Bell County of approximately 21
m, thinning to the south in Williamson County. This unit
has transitional contacts with the underlying Walnut Formation and the overlying Edwards Group (Senger et al., 1990).
Most of this formation consists of chalky to firm limestone
nodules imbedded in a subordinate amount of limey marl
matrix. These limestones contain transmissive zones, although
permeabilities in Comanche Peak strata within the wackestone
and packstone facies are considerably less than those in the
overlying Edwards Group. Most of the Comanche Peak is not
distinctly bedded, distinguishing it from the overlying Edwards
(Adkins and Arick, 1930).
Edwards Group (Ked) – The Edwards Group has been
described as a transgressive facies representing a reef lagoon
complex (Collins, 2005). It is informally divided into four
members based on lithology: (1) a lower interval of massive, rudistid bearing, porous limestone and dolostone with
abundant chert nodules, (2) a unit of interbedded, varying
thickness cherty limestone containing rudists, foraminifera and
thin-bedded flaggy limestone; (3) a unit of nodular, fossiliferous, burrowed, argillaceous limestone and marl; (4) an upper
interval of varying thickness limestone, dolomitic limestone
and dolostone (Barnes, 1970). Although these informal
designations have been described and named, most mapping
and descriptions of the northern outcrops of the Edwards
Group do not differentiate based on these informal divisions.
The Edwards Group is characterized by honeycomb textures,
voids in collapse breccias, cave systems and local transmissive
zones (Senger et al., 1990). Within the Edwards, several higher
energy shoals have been described. The trend of these shoals,
formed across the axis of the Belton High, follow the model
presented for Moffatt Mound (Amsbury et al., 1984; Brown,
1975). The Moffatt Mound area consists of thicker, more
well-defined outcrops of Edwards Group strata that are lithologically distinct from the main Edwards reef trend. Recent
research by Bryant (2012) and Shaw (2012) have described two
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additional shoals within the Fort Hood Military Installation,
the Nolan Creek Province and the Owl Mountain Province.
The strata in these provinces formed to the west of the Belton
High in more restricted circulation waters; the minor differences in water depth due to the spatial distribution across the
Belton High are the main control for differences in lithology
of outcrops between Moffatt Mound and the Nolan Creek
and Owl Mountain provinces (Bryant, 2012; Brown, 1975).
Georgetown Formation (Kgt) – The Georgetown Formation, a unit within the Washita Group, consists of fossiliferous
limestone, argillaceous limestone and minor marl that have
wackestone, packstone and grainstone facies (Collins, 2005).
Pelecypods are diagnostic features of the Georgetown Formation, as well as vuggy porosity present in some of the facies.
In the study area, the Georgetown is generally not divided
south of the Lampasas River; in the northern section, the
Georgetown thickens and is locally divided into seven members (Barnes, 1970).
Lower and Upper Cretaceous Units (post-Georgetown) –
Most of these units consist of soft marls and limestones, with
interbedded shales and sands. The Austin Chalk consists of
interbedded chalk and marl, with thickness between fifty and
one hundred meters (Collins, 2005). Exposures of these units
are mostly limited to the eastern and western segments of the
Lampasas Cut Plain.
Hydrogeology
There are two primary aquifers within the Lampasas Cut
Plain: the Trinity Aquifer containing the lower Cretaceous
units stratigraphically below the Edwards Group (namely the
Glen Rose Formation) and the Edwards Aquifer, primarily
composed of the Edwards and Georgetown limestones (Fig.
3). Both of these aquifers crop out within the Lampasas Cut
Plain and are instrumental in providing base flow for perennial and intermittent streams, as well as numerous springs and
seeps associated with the area (Jones, 2003). The communication between the Trinity and Edwards aquifers and the surface
are also a potentiometric driver for solutional widening of
fractures and eventual cave formation (Ferrill et al., 2008).
Within the Lampasas Cut Plain, the shoal facies function
as outliers to the north and west of the Northern Segment
of the Edwards Aquifer and exhibit distinct differences due
to their unique depositional environment. Karst development
within the Lampasas Cut Plain is concentrated in areas where
these positive topographic features are directly coupled to the
atmosphere (Amsbury et al., 1984; Bryant, 2012). Precipitation is either directed into short stream segments and drainage basins or directly into the subsurface through fractures,
sinkholes and smaller conduits (Jones, 2003; George Veni and
Associates, 2005). This water will travel vertically and/or subvertically until it reaches a lower permeability unit; it will then
travel laterally to form one of the numerous springs and seeps
on the outer edges of the uplands. While epigenic karsting
processes are responsible for solutional widening of surficial
conduits, geochemical analyses of springs within the Fort
Hood Military Installation and the inter-fingering nature of
the Comanche Peak and Edwards limestone occurring within
these high energy shoals indicates a mixed fluid system where
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Figure 6. Within the Lampasas Cut Plain, the Comanche Peak and
Edwards are interbedded with permeable transmissive zones occurring between and within the units (modified from Bryant, 2012).

deeper seated phreatic or semi-confined hypogenic waters migrate upwards to maintain base flow as the landscape evolves
(Shaw and Stafford, 2014; Fig. 6).
The Trinity Aquifer is composed of older Lower Cretaceous
rocks, including the Glen Rose Limestone, and crops out in
the western part of the Lampasas Cut Plain. In the subsurface,
the Trinity consists of layers of limestone, calcareous sands
and silts, and conglomerate. These sediments were originally
eroded from the higher elevation Llano Uplift and provided
much of the clastic sedimentation found in these rock layers. In much of the Lampasas Cut Plain, the Trinity Aquifer
underlies the Edwards, and there is likely some subsurface
connectivity between the aquifers that contributes to the
hydrologic activity, but that has not been confirmed (Ferrill et
al., 2008).

Karst of the Lampasas Cut Plain
The Lampasas Cut Plain is an evolving karst landscape, with
all of the known karst features coupled to the surface and
heavily overprinted by epigenic processes; many exhibit solutional widening as a result of the interaction between surface
and groundwater (Elliott and Veni, 1994; George Veni and
Associates, 2005; Reddell, 2001). Many of the subsurface karst
features are fracture controlled, with both local and regional
trends (McCann, 2012). Some karst development is controlled
by bedding planes with springs, seeps, and rock shelters developing along the interface of lithologic contacts between the
Comanche Peak and Edwards formations (Elliott and Veni,
1994; Reddell 2001; Reddell et al., 2011). Cave development
is truncated by the abrupt eroded edges of the plateaus and
most of the extensive caves and cave remnants are smalldiameter conduits.
During the Miocene, faulting and subsequent uplift along
the Balcones initiated rapid downcutting of existing drainage
systems; as stream segments incised exposed rock, the intersection of fracture conduits and stream base level helped widen cavities and develop spring discharge outlets. As downcutting continued and base level dropped, some caves developed
multiple levels in response to stream incision (Elliott and Veni
1994). As erosion continued, these cave systems would eventually breach the surface and be altered by meteoric waters.
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Modern interpretations of hypogene karst systems can be
complicated by epigenic overprinting; as landscape evolution
causes hypogenic karst systems to lose confinement from
uplift and denudation, the suite of features indicative of
hypogene karsting are directly modified by mixing hydrologic
systems related to phreatic and epigenic hydrologic conduits
(Klimchouk, 2007). Initial development and flow of hypogenic
systems are predominantly vertical, although considerable
lateral components can develop as a result of noncompetitive flow in confined conditions. Karst development within
the Lampasas Cut Plain is controlled primarily by lithology;
almost all known caves within the Lampasas Cut Plain are
found in the Edwards and Georgetown units, the exceptions
are a few caves within the Comanche Peak Formation and
Upper Cretaceous Austin Chalk, formed along bedding planes
or transmissive zones. Overall, the Edwards Limestone is the
most important cave-forming unit in the Lampasas Cut Plain
(Reddell, 2001).
Speleogenesis in the study area reflects a long and complex porosity evolution; where hypogene features may have
developed at permeability boundaries in the past, today they
are being actively overprinted by recent epigene processes and
continue to develop additional pore networks, both through
channelized conduit and matrix flow. Geochemical analyses
of springs within the Fort Hood Military Installation and the
inter-fingering nature of the Comanche Peak and Edwards
limestone occurring within high energy shoal facies indicates
a mixed fluid system where deeper seated phreatic or semiconfined hypogenic waters migrate upwards to maintain base
flow in area springs during periodic droughts, while meteoric,
vadose waters recharge and mix with deeper seated phreatic
or hypogene waters during precipitation events (Bryant, 2012;
Shaw and Stafford, 2014). Within the Lampasas Cut Plain,
both the Trinity and Edwards aquifers receive direct recharge
from surficial processes; therefore, the possibility exists for the
Trinity Aquifer to provide potentiometric pressure for ascending fluids is a potential driver for hypogenic speleogenesis
(Ferrill et al., 2008). The evolving nature of this open karst
system and the complex inter-fingering of the lithologies make
it difficult to differentiate between features associated with
deeper phreatic circulation and semi-confined hypogenic fluid.
Today, most of the karst features within the Lampasas Cut
Plain are predominantly surficial expressions of collapse features or features resulting from vadose entrenchment, creating
windows into karst conduits. Sinkholes and cave entrances are
often small and associated drainage basins generally covering
less than 100 m2 in area. In the Lampasas Cut Plain, many
sinkholes and cave entrances appear to have formed as upward
stoping collapse structures and/or features that have been
breached by surficial denudation (Bryant, 2012; Faulkner et
al., 2013b). Some of the caves within the Lampasas Cut Plain
exhibit well-defined cupolas and ceiling notches that may be
characteristic of ascending fluid migration, indicating that at
least part of the diagenetic history of those cave systems may
have originated by pressurized fluids from below, with later
subsequent overprinting by meteoric waters.
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Hypogenic Cave Features
Most of the known caves that occur in the Lampasas Cut
Plain are within the boundaries of the Fort Hood Military
Installation. Many of the possible hypogenic features described have a complex genetic history and could have been
formed through hypogenic and/or phreatic processes, making the discussion of true hypogene features in this setting
difficult at best. Some of the caves exhibit cupolas, bedrock
partitions, ceiling pendants, solutional widening and ceiling
notches that may have been created by pressurized ascending
fluids; presently, however, these structures are generally found
in relatively shallow caves that have been breached by surface
denudation and upward stoping associated with vadose waters.
Many of the caves in this area formed along conjugate joint
sets in a semi-confined environment, both laterally and vertically. Some of these joint sets follow major regional trends
(E/W and N/S; NE/SW and NW/SE) that would have
provided planar surfaces for ascending fluids with solutional
widening along these fractures initiating cave development
along transmissive zones or bedding planes. Eleven caves have
been chosen for discussion purposes that exhibit possible hypogenic speleogenesis and have been divided into three basic
morphologies: maze, ramiform, and linear.
Maze Caves
Maze caves form as a network of interconnecting and
mainly contemporaneous passage loops in bedded, fractured
rock where dissolution occurs along multiple paths—and
sometimes multiple levels—at similar rates. Maze caves can
form in epigenic or hypogenic settings where high discharge
rates occur as fluid migrates into fractured rock, maintaining
flow along many alternate routes over a significant amount
of time, or by local production of aggressive conditions
in the soluble rock by mixing waters of varying chemistry

Figure 7. Maze caves within the Lampasas Cut Plain are associated
with conjugate joint sets and tend to develop in areas where fracture
density is the greatest. Cave drawings were simplified from cave maps
obtained from the Texas Speleological Survey proprietary database,
2014.
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(Palmer, 2007). As surface erosion occurs above the developing conduits, sediment transport facilitates the opening of
pre-solutional fractures. Tensional stresses associated with
faulting and focused along the axes of folds can have a similar
effect by opening multiple conduits such that fluid migration
is dispersed along various pathways as dissolution commences
along the fracture planes (Palmer, 1991). The following caves
show gradational levels of maze development and are found
in areas where fracture density is greatest (Fig. 7).
Mixmaster Cave developed along a NW/SE trend with
shorter passages developed along a NE/SW trend. Near the
entrance, a maze-like network of passages with notched ceilings lead to the main passage and entrance to an area called
Domes City Maze, a complex area approximately 18 m long
with wide smooth passages and large numbers of 1.5 m to 3
m high domes. Within the Domes City Maze, and along the
remainder of the passage, numerous small crawlways exist to
the NE and SW but quickly become too narrow for further
exploration. The main passage opens into a larger clay-floored
chamber with notched ceilings. At the end of the main passage, there is a pit that connects to a lower level but the passage is too small to follow (Texas Speleological Survey, 2014).
Triple J Cave exhibits two levels of linear passages developed along a dominant NW/SE trend and shorter, truncated
passages developed along a secondary N/S trend. Most of
the passages trending N/S quickly become too constricted for
further exploration, although the Highland Crawl has notched
ceilings and exhibits solutional widening along less resistant
bedding planes. The ceiling of the eastern section of the main
passage contains several large cupolas and the passage eventually opens into Triple J Hall where larger domes exist with
numerous speleothems. A drop on the south side of Triple J
Hall leads to the lower level with notched ceilings and Chimney Dome (Texas Speleological Survey, 2014).
Big Red Cave formed in the basal Edwards unit near the
contact of the Comanche Peak Limestone. Over time the
cave has developed linear passages and multiple levels along
a dominant NW/SE joint trend with secondary passages
extending N/S. The main cave passages trend to the east and
west, following the dominant joint pattern. The upper level,
the East Crevice Room passage, extends southeast about 15 m
and then quickly narrows to prevent further exploration. Undulations in the ceiling and floor of this passage may indicate
differential erosion along preferential flow paths. Lower in the
cave, the main passage trends to the northwest with several
small drains (pits), one of which descends to the Comanche
Peak/Edwards contact. Most of the passages in the cave are
low crawlways along fissure-like voids that follow the joint
trends; these passages quickly constrict and become too narrow and low for continued exploration, often ending abruptly.
Along the main passage, three well-developed cupolas (each
over 4 m tall) show variation in cave morphology and indicate the possibility upwelling of fluids during cave formation.
The northwestern passage continues into a low crawlway, the
Treasure Hunters Gallery, which continues for another 23 m
before becoming too narrow for further exploration. Cave
development along the short passages extending N/S may be
due to rising fluids from the interface of the Comanche Peak
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and Edwards Limestone contact (Texas Speleological Survey,
2014).
Peep in the Deep Cave developed along a dominant NW/
SE trend with shorter passages developed along a secondary
NE/SW trend. The cave exhibits one cupola at the end of one
of the secondary passages, and notched ceilings in the Turn
Around Room. Many of the passages end abruptly, with some
containing breakdown fill from vadose entrenchment (Texas
Speleological Survey, 2014).
Ramiform Caves
Ramiform caves consist of irregular rooms and chambers
in a three dimensional pattern extending outward from the
main areas of development. These caves tend to form isolated
chambers in thicker bedded rocks in zones of lower fracture
density; cave development tends to be isolated but often
occurs as clusters within a region (Fig. 8). This cave morphology is most commonly produced in hypogene systems by
sulfuric acid from the oxidation of rising hydrogen sulfide;
the resulting cave morphology often exhibits no relationship
to recharge through the overlying surface. Ramiform caves
can be formed in phreatic and epigenic systems by chemical
variations in mixing waters, although this tends to be less common (Palmer, 1991). Passage profiles and cross-sections are
highly irregular and show abrupt changes over short distances.
The outward branches usually form as sequential outlets for
groundwater at different times and at different elevations.
Camp 6 Cave No. 1 exhibits globular chambers along a
dominant NW/SE trend with secondary development along
the NE/SW trend. The main passage has two major cupolas,
one 3.7 m tall and the other 3 m. Several alcoves exist along
the main passage, most of which are filled with breakdown debris. Blind passages trend NE/SW from the main passage, but
quickly become too low and narrow for further exploration
(Texas Speleological Survey, 2014).
Lucky Rock Cave exhibits multiple levels of globular chambers with large cupolas on the first and second level. The first
level dome is 2.4 m high, the second level domes are much
larger, one is 6 m and the other over 9 m high, reaching up to
the height of the first level (Texas Speleological Survey, 2014).
Violet Cave exhibits globular chambers developed on two
levels. The lower level has no known passages extending from
this area. The upper level contains several cupolas along the
passage (Texas Speleological Survey, 2014).
Brokeback Cave formed along a general WNW/ESE trend
with secondary development along a NE/SW trend. Multiple
collapse features have been mapped along the trend of the
passages. The most accessible entrance is one of these collapse features, a 3 m natural bridge spanning the width of the
cave exists near the main entrance. From the main entrance,
the cave trends along three passages; one passage extends to
the ESE approximately 9.1 m before ending abruptly, one
passage extends to the WSW approximately 18 m, and the
other loops around a vertical partition to the northwest before
connecting back to the WSW passage. The ceiling of the third
passage contains four cupolas. The abrupt ending of the ESE
passage and sloping entrance through a collapse feature might
be indicative of additional passages that extend from the main

Figure 8. Ramiform caves tend to form isolated chambers in thick
bedded rocks, concentrated in areas where fracture density is not as
prevalent. Cave drawings were simplified from cave maps obtained
from the Texas Speleological Survey proprietary database, 2014.
cave, but that is unknown at this time (Texas Speleological
Survey, 2014).
Chigiouxs’ Cave exhibits globular chambers developed
along a major E/W trend with secondary development along
the N/S trend. The cave is developed in two main levels, with
the chamber passages forming along an E/W trend. The
western passage opens into a small chamber and the floor is
covered in debris, primarily breakdown from ceiling collapse and vadose entrenchment. The main passage, Crystal
Walk Hallway, extends to the east with multiple chambers
and small alcoves that trend N/S. The easternmost chamber,
Last Chance Lounge Room, formed along the N/S trend and
the cave terminates with blind passages to the south and east
filled with debris. The cave ceiling in the Crystal Walk Hallway
exhibits several cupolas, indicating a sluggish flow regime associated with ascending fluids. The domed cave ceiling in the
Last Chance Lounge Room also has ceiling notches, another
indication that ascending fluids might have been responsible
for present day cave morphology (Texas Speleological Survey,
2014).
Linear Caves
For these purposes, a linear cave would be one whose
morphology follows a linear trend, either as stream caves fed
by sinking surface streams or as a remnant of what were once
more extensive passages of a network of a larger cave (Fig.
9). These caves could be formed by epigenic processes such

94

Hypogene Karst of Texas

Texas Speleological Survey

as sinking streams and
through a collapse structure and offset from the main passage
sinkhole recharge, or
to the NE. Along the main passage, domed structures and
as preferential disceiling notches indicate dissolution by sluggish fluids (Texas
solution by aggressive
Speleological Survey, 2014).
fluids in hypogene
With regards to the caves listed, fracture density tends to
systems (Palmer,
exert the greatest control on the level of cave development
2007). Viper Den Cave
and morphology. In areas where fracture density is greatest
has been connected
and bedding is relatively uniform, the caves tend to develop a
to Tumble Down Sink
maze-like structure in response to solutional widening along
by voice and smoke
conjugate joint sets. Mixmaster Cave shows the greatest level
contact, but today is
of maze development and Peep in the Deep the least, but
mapped as a linear
surface modifications and sediment infill partially mask the
feature due to sedievidence for interconnected passages.
ment infill. There are
In areas where bedding is thicker and fracture density is
passages to the east
not as great, caves tend to develop isolated, irregular chamand west in the cave
bers. As dissolution continues, many of these chambers can
but the sediment load
become connected (Camp Caves No. 1 and 2, Violet Cave) but
in the cave prevents
later surface modifications and sediment infill have blocked
further exploration.
potential communication between these chambers. Viper Den
Viper Den Cave
Cave is in an area where numerous caves and sinks have been
Figure 9. Linear caves such as Viper Den exhibits a linear E/W
described, and voice and smoke contact have been established
and Little Red caves have been heavily
trend with notched
with area sinks, but sediment infill has masked the visual conoverprinted by epigenic processes. Cave
ceilings and solutionnection (Fig. 10B, E).
drawings were simplified from cave maps ally widened passages.
If features in these cave passages are interpreted as hypoobtained from the Texas Speleological
The cave contains
genic, the overlying clays within the Georgetown Formation
Survey proprietary database, 2014.
extensive ceiling chanand/or Tertiary carbonates and clastics could have provided
nels, cupolas, and bedrock partitions, indicative of hypogenic
a confining seal over the Edwards. Late Cretaceous and early
or phreatic fluids. To the west of the entrance, the passage
Tertiary deformation associated with the Laramide, Basin and
extends approximately 4.6 m before becoming too sediment
Range, and/or Balcones could have exhumed the layers as the
filled. Two domed structures extend into the ceiling for apLampasas Cut Plain was undergoing active uplift. Removal of
proximately 0.5 m along a
central ceiling channel that
extends upwards toward the
cave entrance. To the east,
three cupolas, elliptical in
shape, extend into the ceiling
in the main room. The eastern portion of the cave splits
into two smaller passages
with several small domed
structures and is divided by
a central bedrock partition.
The passage to the north
narrows rapidly as the floor
rises; the passage to the south
narrows more gradually and
eventually becomes too small.
A linear series of domed
structures follows the trend
of the southern passage, and
a small dome was observed in
the northern passage (Bryant,
2012).
Little Red Cave formed
Figure 10. The main entrance to Brokeback Cave (A) via one of the major sinks associated with the cave
along a NW/SE trend with
structure. Speleothem development (C) and spongework along the interior walls of Brokeback Cave indicate
the entrance separated from
fluid transport. The natural bridge (D) spans the width of the main passage inside Brokeback Cave. Althe main passage by a vertical though Viper Den Cave has been heavily overprinted by surficial processes, notched ceilings (B) and cupolas
(E) indicate that ascending fluids may have been part of the speleogenetic history of this cave.
partition. The entrance is
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the overlying sediments occurred as the landscape was eroded
by major rivers and their tributaries, depositing sediments to
the east into the Gulf of Mexico, and eventually exposing the
Edwards to surficial processes. Conversely, if these features
are interpreted as phreatic, the joint sets could have been
formed as a result of later (Balcones) regional deformation
with meteoric waters traveling along less permeable bedding
planes working in concert with vadose piping to breach the
surface. Once breached, the sink became a focal point for
fluids, washing soil and debris into the cave and overprinting
the phreatic features (Fig. 10A, D).
Most of these caves exist in areas that support military
functions such as training exercises and transportation; therefore, they have been heavily overprinted by anthropogenic
modifications to the surface. Military exercises have been
ongoing for the last 70 years, cave surveys and mapping have
been conducted in this area for over 50 years, but many of
the caves were used by ranchers and early inhabitants long
before. Today, the cave floors are filled with soil and insoluble
material, with horizontal passages that taper to blind passages, drains, and conduits filled with debris. Varying degrees
of epigenic overprinting have occurred, including significant
speleothem development in some caves (Fig.10C), making true
hypogene features difficult to discern. Since these caves are
located within the Fort Hood boundary, extensive excavation
enabling further exploration is not permitted at this time.

denudation and river incision removed overlying rocks and
sediments, exposing the resistant Edwards to surface processes. Once the overlying sediments were removed, the
vertical to sub-vertical fracture planes along the edges of
the scarp weakened and slope retreat occurred as a result of
detachment and rock falls, creating block talus and exposing previously hidden karst features that formed within these
voids (Fig. 11). Although many of these karst features were
previously interpreted as selective dissolution and weathering after scarp exposure, correlation with cave features and
evidence of fluid convection suggests that these features may
have formed within the fractures zones as hypogene dissolution commenced (Klimchouk, 2009). Today tall scarps of the
Edwards border remnant plateaus within the Lampasas Cut
Plain and contain relict features from these karstified zones,
particularly in areas near the Comanche Peak and Edwards
boundaries (Fig. 12). The Comanche Peak is less resistant than
the overlying Edwards, and in many cases will form a concave
wall undercutting the Edwards (Fig. 12). In some cases, these
undercut slopes will display dissolution morphologies such as
niches and domed structures (Fig. 12). In the southern part
of the Lampasas Cut Plain, the Comanche Peak and Edwards
interfinger; therefore, some scarps display several zones of
relict karst features. These features include hollows, vugs,
niches, grottos, and tafoni, all of which are stratigraphically
constrained to the Comanche Peak and Edwards boundaries.

Relict Hypogene Karst Features
Many of the possible hypogene caves previously described
formed as a result of solutional widening along conjugate joint
sets. The extent of maze development in cave morphologies
can be correlated to fracture density as these fracture planes
were focal points for ascending fluids into a semi-confined
environment. As the Lampasas Cut Plain evolved, surface

Hollows and Vugs
Hollows and vugs are thought to form by the interaction
between rising conduit flow and lateral matrix flow (Klimchouk et al., 2012). Most hollows and vugs do not extend
over 2 m into the rock face, but instead form a zone or halo
around the conduits along transmissive zones and permeable
lenses. These features are commonly associated with vertical
fractures, bordering them along certain lithologic intervals,
and within the Lampasas Cut Plain, are mostly associated with
the interbedded boundaries between the Comanche Peak and
Edwards where differences in permeability forced ascending
fluid laterally along the contacts. In some cases, transverse,
sub-vertical conduits have formed between the units and
forced fluid flow between units, connecting ascending fluids
with vadose waters (Fig. 12). Many of these features are exposed today along the scarps associated with the Edwards and
Comanche Peak, often with several zones of hollows and vugs
exposed along these cliff faces with interbedded exposures of
these units (Fig. 12).

Figure 11. A conceptual model of hypogenic fluid transport through
conjugate joint sets in a confined aquifer (A) and the exposure of
hypogenically derived karst features in an escarpment face as a result
of block-fall (B) (after Klimchouk and Ford, 2009).

Grottos and Niches
Grottos and niches, large open hollows in scarp faces, are
commonly interpreted as forms of preferential surface weathering at certain places or along particular stratigraphic unit
boundaries. In some settings, grottos and niches may be relict
hypogene caves exposed in the cliff, particularly when vertical
joints are observed perpendicular to the cliff face (Klimchouk
et al., 2012). In some cases, grottos and niches may form as a
result of enlargement of exposed hollows or vugs.
Within the Lampasas Cut Plain, many grottos and niches are
exposed along the steep scarps associated with the Edwards,
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Figure 12. The steep scarps along the shore of Lake Belton display relict karst features. These scarps are capped by the Edwards Limestone with
the Comanche Peak exposed below. Many hollows and vugs (A) form along transmissive zones at the boundaries between the units. Variations
in lithofacies can cause over-steepening to occur in areas where the resistant Edwards caps the plateaus (B). Risers within the Comanche Peak
(C) are indicators of ascending fluids. Differential weathering of the Comanche Peak has created this overhang (D) with a large open cupola in
the ceiling (E). Interstratal transmissive zones (F) occur across permeability boundaries. Grottos and niches (G) may be the remnants of former
hypogenic caves; many contain ceiling features indicative of fluid convection. As preferential weathering takes place along conjugate joint sets,
exposure can occur as a result of block weathering and slope retreat. Tafoni or spongework structures (H and I) are stratigraphically constrained
to the boundary between the Comanche Peak and Edwards; the fragile nature of these structures are possible indications of slow moving fluids in
a hypogenic environment.

particularly along the shores of Lake Belton (Fig. 12). Many
of these grottos and niches display elements of hypogenic
formation and morphology such as ceiling notches and domed
structures. Most of the exposed grottos and niches narrow
significantly away from the cliff face, making further exploration impossible at this time. These exposed grottos and
niches have been heavily overprinted by epigenic processes
and will eventually be subject to block removal along joint
trends. Many of these scarps have been heavily modified by
natural and anthropogenic processes and are subject to further
destruction by gravitational forces.
Tafoni
Tafoni is a generally vague term often applied to a wide
variety of features formed in different lithologies. It represents characteristic dissolution morphology of densely packed
honeycomb-like cells, typically between 1-5 cm in diameter
and depth, separated by sharp or rounded ribs (Klimchouk et
al., 2012). In the Lampasas Cut Plain, tafoni is found along the
Edwards and Comanche Peak contact, exposed on the high
scarps along the eastern shoreline boundary of Lake Belton

(Fig. 12). Tafoni structures are poorly understood; the fragile
nature of these structures indicates they probably formed in
an interior, stable, low-energy environment. Once exposed,
these structures are subject to destruction.

Summary and Conclusions
The Lampasas Cut Plain is a karst landscape within Lower
Cretaceous carbonates found in outcrop and the sub-surface.
The poorly understood, complex interaction of the Edwards
and Trinity aquifers within the Lampasas Cut Plain has created
a dynamic flow regime whereby ascending fluids could be partially responsible for the suite of features found in the known
caves and exposed scarps. Where the Edwards and Comanche
Peak limestones are interbedded, varying permeabilities have
partially confined hypogene and/or phreatic waters; these confining units have created potentiometric pressures and allowed
preferential dissolution along ascending flow paths. Grottos
and niches exposed in scarp faces along the trend of major
conjugate joint sets could be remnant cave features exposed by
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block slope retreat. Tafoni and spongework structures could
indicate porosity development within sluggish flow regimes in
these hypogenic systems.
Analyzed individually, any single feature could be explained
by either epigenic or hypogenic processes. However, when
multiple features are considered, the evidence for possible
hypogenic origins of many of the karst features of the Lampasas Cut Plain becomes more compelling. Detailed studies of
the Nolan Creek and Owl Mountain Provinces within the Fort
Hood Military Installation may provide additional information
about flow regimes and the possible connectivity between the
Trinity and Edwards aquifers as an indicator of former hypogene flow regimes. Today, many of these caves and karst features have been heavily overprinted by epigenic processes and
impacted by anthropogenic surface modifications, therefore
interpretation and discussion of true hypogene features can
be problematic. Most of the known karst features are within
the boundaries of the Fort Hood Military Installation where
access is controlled or on private land. As population and
water requirements within the Lampasas Cut Plain continue to
expand, anthropogenic pressures put on these aquifer systems
will likely accelerate the evolution of karst systems. Detailed
studies of the poorly understood relationship between the
Trinity and Edwards aquifers may help shed light on the complex flow paths of fluid migration within the Lampasas Cut
Plain as well as the speleogenetic evolution of the region.
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Abstract

sions/regressions and intermittent subaerial exposure. Early
epigene karst processes likely occurred throughout this time,
which was subsequently buried to form paleokarst. Deformation associated with the Ouachita Orogeny and formation of
Pangaea structurally modified the Paleozoic sequences and
forced hydrothermally-elevated fluids through the region causing widespread diagenesis and potentially early-phase hypogene speleogenesis. Subsequent regional uplift and strain along
the distal margin of Laramide and Basin and Range tectonism
overprinted compressional deformation of the late Paleozoic.
Tertiary development of the Balcones Fault Zone to the east
and incision of modern fluvial systems sculpted the regional
geomorphic landscape and represent late-stage karst processes
that continue to overprint early-phase karstification. The most
extensive karst development in the region occurs in Ordovician carbonates of the Ellenburger Group, which may reflect
a sampling bias; however, karst development also occurs in
Cambrian and Pennsylvanian carbonate strata.
The Paleozoic Aquifer System is composed of minor
aquifers of the Hickory, San Saba-Ellenburger, and Marble
Falls, which encircle and dip away from Pre-Cambrian basement rock of the Llano Uplift (Fig. 1). Associated Paleozoic
strata in the study area crop out in portions of ten counties
(Blanco, Burnet, Gillespie, Kimble, Lampasas, Llano, Mason,
McCulloch, Menard, and San Saba), and dip into the subsurface in surrounding counties. The Llano Uplift is bisected by
the Llano River, primarily constrained within Pre-Cambrian
basement rock, which joins the Colorado River that bisects the
eastern edge of the Paleozoic Aquifer System. Minor streams
and tributaries within the region drain into these river basins
(Fig. 2). The area is dominated by a subtropical to subhumid
climate and receives an average of 64 cm annual rainfall in
the west grading into an average of 102 cm in the east (Smith,
2004). Mean annual temperature is 18° C with an average
annual low of 0° C and high of 36° C in January and July, respectively. Elevations range from over 700 m above mean sea
level in the west to less the 100 m above mean sea level in the
east, proximal to the Colorado River (Bluntzer, 1992).
Because the region is associated with minor aquifer systems,
limited groundwater and karst studies have been conducted in
the area compared to those of the Edwards and Trinity aquifer
systems that border the region to the east and south and the
Edwards-Trinity aquifer system to the west. Most karst surveys and limited speleogenetic studies have focused on karst
development within Ellenburger carbonates and therefore are
the focus of this report. Diagenetic interpretations based on
speleogenetic models for the Ellenburger Group are extended
to other strata within the region with caution as other karst-

The Paleozoic Aquifer System of the Llano Uplift region
contains three minor aquifers: Hickory Aquifer, EllenburgerSan Saba Aquifer, and Marble Falls Aquifer. Karst development is associated with each aquifer system; karst development associated with the Hickory Aquifer occurs in the
overlying confining layer (Cap Mountain Limestone), while
karst development occurs within carbonate strata that comprise the Ellenburger-San Saba and Marble Falls aquifers. Cave
development is sparsely documented throughout the region,
with more than 90% of all known features documented within
Colorado Bend State Park in Ellenburger carbonates. This
reflects a high sample bias in this region because of limited access to large private ranches. Limited geologic, hydrogeologic,
and geochemical studies have been conducted in relation to
speleogenesis in the area, but field investigations suggest that
hypogene processes may be widespread but heavily overprinted by recent epigene development. Morphologic features
observed in caves can often be interpreted as either hypogene
or deep-phreatic in origin, with definite porosity origins difficult to discern. Mineralized springs, with limited associated
geochemical data, suggest deep fluid circulation paths interacting with shallow aquifer systems. Deep, extensive aquifer
compartmentalization, induced by abundant high-angle faults,
promotes transverse speleogenetic processes regionally. With
karst speleogenetic processes of the Paleozoic Aquifer System
potentially comprising the last 500 million years of Earth
history, soluble rocks have been exposed to numerous events
that should have promoted development of both epigene and
hypogene karst porosity, including: 1) mid-Paleozoic subaerial
exposure; 2) migration of pulses of late-Permian hydrothermal fluids associated with Ouachita tectonism; 3) early-Mesozoic rifting associated with the opening of the ancestral Gulf
of Mexico; 4) Cenozoic Balcones faulting; and 5) subsequent
regional hydrogeologic evolution towards equilibrium within
the modern geomorphic province. Much work remains to
unravel the complexities of the speleogenesis of the Paleozoic
Aquifer System.

Introduction
Karst development associated with the Paleozoic Aquifer
System of the Llano Uplift region of central Texas exhibits
some of the most complex diagenetic assemblages observed
in the state. Strata were deposited throughout the early and
middle Paleozoic time in association with multiple transgres-
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bearing strata have been poorly studied in the past. Because
the region is dominated by properties that have not generally
been open to cave exploration and research, karst data are
sparse with the exception of karst studies within parks managed by the Texas Parks and Wildlife Department.

Geologic Setting
The Pre-Cambrian basement rock that composes the core
of the Llano Uplift is a broad structural dome (Fig. 2) that
formed during the Grenville Orogeny approximately 1.2 billion years ago, which is embedded into the North American
tectonic plate (Standen, 2007). Cambrian strata of the Moore
Hollow Group were deposited over Pre-Cambrian basement
rocks, with clastics of the Hickory Sandstone filling in low
regions. Basement knobs are capped unconformably by Lion
Mountain Sandstone and Cap Mountain Limestone, all of the
Riley Formation (Fig. 3) (Long, 2004). The Cap Mountain is
considered the local confining layer for the Hickory Aquifer
(Black, 1988). The Wilberns Formation, deposited during the
late Cambrian, overlies the Riley Formation and is subdivided
into a basal component (Welge Sandstone) and upper component (Morgan Creek Limestone). The San Saba carbonates cap
the Wilberns Formation, which are hydrologically connected
to the overlying Ordovician carbonates (Fig. 3).

Figure 1. Location of surface and subsurface extent of the Paleozoic
Aquifer System in relation to the Llano Uplift; simplified cross-section
showing radial dip of Paleozoic strata away from Pre-Cambrian basement rock shown in lower figure (modified from Preston et al., 1996).
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Ordovician carbonates of the Ellenburger Group were deposited as shallow-water carbonates across basement-capping
sediments of the Cambrian. The Ellenburger is classically
described as a medium- to coarse-grained dolomite with evidence of significant karst development due to multiple subaerial exposure events through time (Cloud and Barnes, 1946).
It is subdivided into the Tanyard, Gorman, and Honeycut
formations from oldest to youngest (Fig. 3). From late Ordovician to early Devonian, the Concho Arch and other arches
adjacent to the Llano region experienced significant uplift with
high degrees of erosion proximal to uplifts (Bradfield, 1964).
Mid to late Paleozoic southeastward tilting, associated with the
initiation of Ouachita tectonism, deformed Pennsylvanianaged Bend Group strata resulting in further regional uplift and
subaerial exposure. Heavily eroded, Silurian- to Mississippianage rocks that remain act as the confining unit between the
Ellenburger-San Saba Aquifer and overlying Marble Falls
Aquifer (Fig. 3) (Preston et al., 1996). Upper portions of the
Ellenburger were also eroded locally across the region.
Marble Falls strata consist of fine-grained limestones
interbedded with shales that were deposited in foreland basins
created by Ouachita tectonism (Carrell, 2000); limited karst
development occurs within transmissive carbonate layers (Fig.
3). By the Permian, assimilation of Pangaea had subaerially
exposed the Llano region where it remained until the Cretaceous. Post-rifting of Pangaea and transgression of the ancestral Gulf of Mexico formed an interior seaway and facilitated
development of the Central Texas Platform (Collins, 1995).
Balcones faulting induced by combined effects of Laramide/
Basin and Range tectonism and sediment loading in the Gulf
of Mexico lifted the region and separated it from the Texas
Coastal Plain through an series of en echelon normal faults

Figure 2. Geologic map of the Llano Uplift region and associated
strata of the Paleozoic Aquifer System, including major faults and
known cave locations. Karst-bearing strata (i.e. Marble Falls Limestone, Gorman Group, and Riley Formation) are mapped independently, while non-karst strata are grouped as undivided according to
their appropriate geologic era.
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(Collins, 1995). Today, the region is dominated by erosion
and highly incised river channels as fluvial systems equilibrate
across the Balcones Fault Zone to the east.
Major faults within the Llano Uplift region are oriented primarily northeast (Fig. 2), which correlates well with Ouachita
compressional forces oriented southeast to northwest. McCann (2012) conducted a lineament analyses through remote
sensing of the northern portion of the region and found that
Paleozoic strata within the area exhibited dominant fractures
oriented at 40° to 50° azimuths and secondary orientations
near 125°. In surficial outcrops of the Hickory Aquifer,
fractures are oriented primarily near 45° and secondarily near
155°. The Ellenburger-San Saba Aquifer outcrops are comprised of fractures oriented primarily near 35° and secondarily
near 155°. In the Marble Falls Aquifer, outcrop fractures are
oriented primarily near 45° and secondarily near 125°. The
degree of offset between compartmentalized portions varies
across the region, while ductile deformation appears minimal
(McCann, 2012).

Hydrogeologic Setting
The Paleozoic Aquifer System consists of three minor
aquifers, which are defined as either a hydrogeologic unit
that yields high volumes of usable water over a small area
or small volumes of usable water over a large region (Muller
and Price, 1979). Within the Paleozoic Aquifer System, three
hydrogeologic units meet these criteria: 1) Hickory Aquifer;
2) Ellenburger-San Saba Aquifer; and 3) Marble Falls Aquifer
(Fig. 3). All three aquifers dip radially away from Pre-Cambrian
basement rocks (Fig. 1). In general, all three aquifers contain
low total dissolved solids (TDS) at shallow depths proximal to
outcrop and elevated to high TDS concentrations at increasing depths distal to outcrops. High angle faulting, due to
late Paleozoic through early Cenozoic tectonism, has highly
partitioned these aquifer systems, compartmentalizing aquifer
segments while also enabling varying degrees of vertical
connectivity between aquifer systems (McCann, 2012). Of
these aquifer systems, the Ellenburger-San Saba, and to a
lesser degree the Marble Falls, host known karst development.
While the Hickory Sandstone does not exhibit karst development, the overlying carbonates of the Cap Mountain do,
even though it is considered the upper confining unit for the
Hickory Aquifer.
The Hickory Aquifer crops out over approximately 700
km2 (Fig. 2) with a subsurface area over 21,000 km2 (TWDB,
2007). At shallow depths, TDS concentrations are generally
less than 1,000 mg/L, but increase with depth (George et al.,
2011). Contaminants from anthropogenic sources occur locally, while iron concentrations in upper portions of the Hickory
consistently exceed secondary drinking water standards. Of
greater concern, radium levels exceed state standards within
north and northeast portions of the Hickory Aquifer where
radioactive minerals occur in high concentrations, most likely
sourced from underlying Pre-Cambrian rocks (George et
al., 2011). Hydrogeologically, Cap Mountain carbonates are
considered the confining layer for the Hickory Aquifer (Black,
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1988), but limited karst development has been documented in
it within southern portions of the study area (Texas Speleological Survey, 2015).
The Ellenburger-San Saba Aquifer crops out over nearly
3,000 km2 (Fig. 2) with a subsurface extent of more than
11,000 km2 across 15 counties (TWDB, 2007). Due to regional faulting and extensive diagenetic alteration, the aquifer
is characterized as significantly compartmentalized with fluid
flow dominated by fractures and solution cavities under confined conditions (Bluntzer, 1992). While an unconformable
contact exists between Cambrian San Saba strata and Ordovician strata, the two are considered as one hydrogeologic unit
because of the degree of hydraulic connection between the
two and difficulty in distinguishing them apart (Walker, 1979).
Similar to the Hickory Aquifer, the Ellenburger-San Saba
Aquifer generally exhibits TDS levels less than 1,000 mg/L
with generally increasing concentrations in down-dip directions (George et al., 2011). Caves are reported to be largely
developed along the regional structural grain and localized occurrences of mineralized springs are common, which exhibit
elevated temperatures and TDS, including high sulfate concentrations (DeLeon, 2010; Stafford et al., 2011, 2014). The aquifer is dominated by high calcium, magnesium, and bicarbonate
concentrations and is known to host the most extensive karst
development within the Paleozoic Aquifer System, including
hundreds of individual cave and karst features (e.g. Reddell,
1973; Elliott and Veni, 1994).
The Marble Falls Aquifer crops out over more than 550 km2
in eight counties (Fig. 2) (TWDB, 2007). It is highly compartmentalized due to syndepositional tectonism during early
stages of the Ouachita Orogeny, coupled with subsequent
Permian tectonism. Because of the discontinuous nature of

Figure 3. Simplified stratigraphic column with associated aquifers
for the Llano Uplift region and Paleozoic Aquifer System (highlighted in gray) (modified from Smith, 2004).
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Silurian through Mississippian strata that provide confinement
between the Marble Falls and Ellenburger-San Saba aquifers,
hydraulic connectivity between these two aquifers is common
(Smith, 2004). At shallow depths, the Marble Falls Aquifer has
low TDS concentrations, but with the limited extent of the
aquifer and high degree of compartmentalization, down-dip
chemistry is poorly known (Bluntzer, 1992). Locally, the aquifer can produce high well yields attesting to high secondary
flow structures in fractured and solutionally enhanced regions
(McCann, 2012). Less than 100 caves have been documented
in the Marble Falls Aquifer which are limited to eastern and
northeastern portions of the Llano region (Texas Speleological Survey, 2015).
Structurally, the Paleozoic Aquifer System is known to be
highly compartmentalized with numerous, near-vertical, faultdisplaced blocks comprising the entire system (Smith, 2004).
The boundaries of these individual fault blocks can either
impede groundwater flow and associated karst development,
or may provide planar surfaces enabling greater cross-communication of fluid flow between stratigraphically-stacked
sequences. Gain/loss studies conducted on streams in other
regions (e.g. Green et al., 2009) have shown that hydraulic
communication between aquifers can be efficiently achieved
along fault boundaries. Similarly, tracer tests conducted in
other regions (e.g. Gary et al., 2011) have demonstrated
groundwater flow between hydrostratigraphic units along fault
planes, a phenomenon that is highly probable throughout the
Paleozoic Aquifer System with the highly compartmentalized
nature of the region. McCann (2012) identified regions of
intense fracture development, which were often associated
with occurrences of mineralized springs; geochemistry of
spring fluids (see discussion on “Mineralized Springs” below)
suggests deep fluid circulation (Stafford et al., 2014). While
there is slight variation in primary and secondary dominance
of fractures within each of the Paleozoic aquifers, McCann
(2012) was able to predict regions within the Paleozoic Aquifer
System where cross-communication is probable.

Karst of the Paleozoic Aquifer System
Karst development is largely limited to the Ellenburger
carbonates within the Llano Uplift region and to a lesser degree in the Marble Falls and Cap Mountain limestones (Texas
Speleological Survey, 2015). Other carbonate strata do host
minimal karst development, including the San Saba member
of the Wilberns Formation, but contain no known significant
caves. Of the 493 caves that have been documented by the
Texas Speleological Survey (2015) within outcrops of the
Paleozoic Aquifer System, 90% of the features occur within
the boundary of Colorado Bend State Park, a 25 km2 region
along the Colorado River in San Saba and Lampasas counties.
This accounts for less than 1% of the total outcrop area of
the Paleozoic Aquifer System (Fig. 4). Colorado Bend State
Park is highly karstified with new karst features discovered on
a regular basis because it has been continuously explored by
Texas cavers for several decades. The disparity in the density
of karst features between Colorado Bend State Park and adja-
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cent Paleozoic outcrops is related to a sampling bias because
of access issues to private property. Discussions below related
to karst and potential hypogene processes in the region are
highly biased towards the Ellenburger carbonates of Colorado
Bend State Park with limited extension to other regions based
on available data.
While karst has been documented within Paleozoic carbonate rocks within the region, pseudokarst is also common,
although clearly not of hypogene origins. Pre-Cambrian basement rocks of the Llano Uplift, and in particular those found
at Enchanted Rock State Park, host pseudokarst caves formed
along fractures created by granite exfoliation. The exfoliation
is induced by expansion with reduced overburden confinement as well as talus caves formed by boulder accumulation
(see features labeled “Pseudokarst Cave” in Fig. 2) (Elliott and
Veni, 1994). Several small caves have been discovered in sediments within the region and at least one cave is known within
the Hickory Sandstone.
Ordovician Ellenburger Karst
Ordovician Ellenburger Group carbonates are hydrostratigraphically connected with Cambrian San Saba Limestone of
the Wilberns Formation (Fig. 3); however, only a few caves
have been documented within the Wilberns Formation. Karst
development within the Ellenburger-San Saba Aquifer is
found within the three units of the Ellenburger Group: Tanyard, Gorman, and Honeycut formations. These units comprise approximately 555 m of maximum vertical sequence that
thins to about 244 m where erosional truncation has occurred
(Bradfield, 1964). The Texas Speleological Survey has documented over 400 individual cave features within the Ellenburger Group, most of which have been documented within the
boundaries of Colorado Bend State Park where the Colorado
River is highly entrenched and provides a major potentiometric regional low (Stafford et al., 2011). While individual caves
provide significant insight into speleogenetic processes that
have affected Ellenburger carbonates, petrographic and diagenetic studies provide a more detailed speleogenetic history for
Ordovicaian strata than any other karst-bearing unit within the
Paleozoic Aquifer System.
All three formations of the Ellenburger Group contain
both limestone and dolomite, with varying degrees of silicification. Carbonates are dominated by algal laminations that
record Milankovich cyclicity and reflect shallow-water deposition within a platform that likely experienced subsidence rates
near equilibrium with deposition rates (Warshauer, 2013). The
Tanyard Formation is aphanitic limestone that grades abruptly
into dolomites that are generally coarser-grained with vuggy
porosity (Collier, 1983; Goldich and Parmelee, 1947). The
Gorman Formation is micro-granular to very fine-grained
limestone with sparser dolomite than other Ellenburger strata.
Although less fossiliferous than other formations, the Gorman
does contain sparse gastropods and lithistid sponges (Collier,
1983). The Honeycut Formation includes some silt and sand
within limestone and dolomite layers, with intraclastic limestones, cannonball chert, and nodular chalcedonic chert (Bradfield, 1964; Goldich and Parmelee, 1947). Stromatolites and
algal laminations are common throughout the Ellenburger.
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The diagenetic history of the Ellenburger Group is complicated by early, post-depositional subaerial exposure as well
as subsequent Ouachita tectonism. Diagenesis includes burial
lithification, episodic dolomitization, silicification, and multiple
karstification events (Loucks, 2010; Kupecz and Land, 1991).
Kupecz and Land (1991) suggest that 90% of dolomitization
is early-stage diagenesis, while the remaining 10% is late-stage
diagenesis. Early-stage dolomitization was likely sourced from
seawater as regional reflux processes (Kerans, 1990), while
multiple, late-stage dolomitization phases are believed to be associated with hydrothermal fluid migration that resulted from
high-temperature, reactive fluids being pushed inland from
basinal shales during assimilation of Pangaea (Kupecz and
Land, 1991). Multiple stages of silicification appear to be associated with pulses of hydrothermal dolomitization (Kupecz
and Land, 1991).
Porosity structures within Ellenburger carbonates occur as
both primary porosity associated with grain size and secondary porosity associated with solutional fluid paths. Average
porosity tends to be higher within limestone than dolomite
due to interlocking dolomite grain structures (Goldich and
Parmelee, 1947). High permeability Ellenburger strata in West
Texas have been heavily exploited for hydrocarbon resources,
although direct mechanisms for formation of permeability structure either prior to or synchronous with petroleum
maturation and emplacement have not been clearly identified
in that region (Merrill et al., 1991). Although these equivalent strata in Central Texas are not buried to sufficient depth
nor currently confined to produce hydrocarbon reservoirs,
Warshauer (2012) reports up to 21% bitumen content within
Ellenburger units and zones with up to 42% non-cavernous
porosity. This high bitumen content has been speculated as the
source of elevated carbon dioxide levels reported for many
caves within the Ellenburger Group.
Vuggy and cavernous porosity are common within the
Ellenburger and attest to multiple phases of speleogenesis
throughout the past 450 million years since deposition of
strata. Collapsed paleokarst systems have been documented
in Ellenburger strata in West Texas (Loucks, 2010). In the
Llano Uplift region, many large vugs (decimeters to meters
in diameter) occur within the Ellenburger carbonates that are
filled with large, macro-crystalline, calcite spar (Fig. 5F), attesting to earlier phase karstificaton that subsequently infilled with
secondary mineralization (Stafford et al., 2014).
Speleogenetic processes within the Ellenburger remain
contested, as is common in much of karst science where
changing theories over recent decades have fueled development of varying models. According to Loucks (2010) and
Kupecz and Land (1991), primary karst development within
the Ellenburger occurred during the Sauk exposure event after
early-stage dolomitization, invoking epigene processes that are
preserved as paleokarst (Fig. 5G). However, in the last decade
hypogene processes have been proposed for varying degrees
of karstification associated with existing caves within Ellenburger carbonates. This process is coupled with recent epigene
overprinting related to post-Balcones faulting stream incision
and surface denudation (Stafford et al., 2011). DeLeon (2010)
proposed that two-thirds of the caves at Colorado Bend State
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Figure 4. Karst density map of known cave features within the
boundary of Colorado Bend State Park. The park hosts the majority
of known caves within the Paleozoic Aquifer System and approximately 95% of all known caves developed within Ellenburger carbonates within the Llano Uplift region. This high density of karst features
likely represents a significant sample bias; however, the proximal,
highly-incised, Colorado River, which creates a major regional potentiometric low, also contributes to this localized high karst density.

Park exhibit some degree of hypogene origins with varying
degrees of epigene overprinting. The remaining caves show
clear evidence of recent epigene processes with features largely formed by solutional widening of fractures in the vadose
zone. The theories of DeLeon (2010) suggest that the highdensity karst features documented at Colorado Bend State
Park (Fig. 4) may be anomalous for the Ellenburger Group
and are coupled with hypogene processes driven by incision
of the persistent potentiometric low of the Colorado River.
Karst within the boundaries of Colorado Bend State Park
all fall within the Ellenburger Group, including approximately
400 known features (Fig. 4). Several features show strong
evidence for hypogene origins (Fig. 5), while others exhibit
only a few features that are suggestive of possible hypogene
origins that have been heavily overprinted by epigene processes. Dynamite Cave (Fig. 6) is located on a small topographic
high with two entrances, neither of which is associated with
a significant drainage. The cave is effectively one large room
approximately 30 m long and 10 m wide, with several ceiling
domes including one that clearly resembles a large riser structure now connected to the surface to form an entrance; the
second entrance is a collapse structure along a dominant joint.
While the cave contains extensive vadose speleothem development, it appears to be largely an isolated hypogene void within
a local region largely devoid of karst development.
Cicurina Cave (Fig. 6) clearly shows the speleogenetic complexity of Ellenburger karst at Colorado Bend State Park. The
cave contains two entrances, each within a very small drainage
basin but adjacent to Gorman Creek. The cave consists of a
southern room that is largely filled with sediment, an irregular
middle section containing extensive spongework and residual
pendants, a multi-storey room, and a northeastern intermittent
stream. The cave contains numerous ceiling domes, ceiling
channels, wall channels, bedrock partitions, and solutional pendants; small, decimeter-scale vugs filled with calcite spar are
commonly intercepted in passage walls. The irregular middle
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Figure 5. Morphologic features of caves developed in Ellenburger carbonates: A) typical vadose cave formed by solutional widening of fractures
(Turtle Shell Cave); B) complex, domal ceiling structures that closely
resemble cupolas in typical hypogene caves (Gorman Cave); C) large ceiling
domes commonly observed in large cave passages (Gorman Cave); D) typical ceiling domes (cupolas) observed in Ellenburger caves (Gorman Cave);
E) typical bedrock partitions (Gorman Cave); F) large vug filled with calcite
spar and solutionally truncated in cave wall (Gorman Cave); G) cave passage development through breccia which likely represents preserved epigene
paleokarst that formed during the mid-Paleozoic (Gorman Cave); H)
solutional pendants and poorly developed ceiling channels (Cicurina Cave);
I) typical ceiling channel (Cicurina Cave). Note: horizontal scale bars are
~2 m long and vertical scale bars are ~1 m long.

section is elevated relative to the southern portion and the
lower level of the multi-storey room, while the northeastern
intermittent stream is developed along an irregular passage
with highly variable ceiling heights. The multi-storey room
exhibits clear evidence of organized fluid flow converging
across the ceiling of the lower chamber and ascending into
the upper chamber, while entrances are reminiscent of riser
tubes. Clearly, Cicurina Cave is being overprinted by epigene
processes associated with Gorman Creek, but ample evidence
exists throughout the cave that suggests hypogene origins.
Soot Cave (Fig. 6) is positioned roughly perpendicular to a
Colorado River bluff face and is noted as a dry, relict feature (Texas Speleological Survey, 2015). The cave is strongly
controlled by local structure with passages forming a simplified rectilinear maze, including remnant bedrock partitions,
dead-end passages, and domal features. Limited speleothem
development suggests the cave has not been well-coupled to
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Figure 6. Simplified, plan view maps of caves formed in Ellenburger carbonates within the boundaries of Colorado Bend State Park
(modifed from Reddell, 1973). Note difference in scale between
Gorman Cave and other caves.

the recent hydrologic system and may be a hypogene feature that was intercepted by fluvial incision. Millican Cave
(just north of Colorado Bend State Park—Fig. 6) exhibits
similar characteristics to Soot Cave with strong fracture
control, bedrock partition, and domal features although it
occurs approximately 250 m from the Colorado River and
is entered through a solutionally widened fissure entrance.
Upper Cave and Half Hill Cave (Fig. 6) do not exhibit
typical features of bedrock partitions, ceiling domes, and
other morphologic features expected in typical hypogene
caves; however, they do contain dead-end passages developed along fractures and are spatially limited with entrances
that are collapse structures (Half Hill Cave) or solutionallywidened fissures (Upper Cave). Like many caves in Colorado
Bend State Park, these caves have morphologies that could
be isolated deep-phreatic voids or have speleogenetic origins
associated with hypogene processes.
Gorman Cave (Fig. 6) is effectively a large stream passage
with notoriously high carbon dioxide levels in its distal portions and is associated with Colorado River spring discharge.
The majority of the more than 900 m of known cave passage
appear largely phreatic in origin, or at least heavily overprinted
by phreatic processes, including the region most distal to
the Colorado River where the cave intermittently sumps and
diving is required to continue exploration. However, throughout the trunk passage numerous features exist that might be
explained by either deep phreatic or hypogene origins, including abundant ceiling domes, ceiling channels, wall channels,
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bedrock pendants, bedrock partitions, and maze-like areas
(Figs. 5 and 6). Either way, the cave appears to have formed
by preferential solution in several regions that were subsequently coupled together to form the current, active hydrologic discharge system. More interesting, the cave shows clear
evidence of solution that was largely independent of bedrock
composition where large vugs (several meters in diameter)
filled with calcite spar (Fig. 5F) and brecciated regions have
been solutionally truncated such that they smoothly merge
with surrounding bedrock in passage walls (Fig. 5G). While
Gorman Cave exhibits dominance of epigene processes, it
would provide an exceptional site for future research to focus
on discerning the differences in deep-phreatic and hypogene
morphometric features. The true speleogenetic evolution of
Gorman Cave appears complicated and likely records multiple
episodes of speleogenesis/diagenesis, including early-phase
karstification likely associated with mid-Paleozoic subaerial
exposure, relict karst secondarily filled with calcite spar, complex Tertiary speleogenesis, and at least one late-phase episode
of sediment infilling, possibly associated with Colorado River
entrenchment.
Barnes Bat Cave and Beaver Creek Bat Cave (Fig. 7), located
in San Saba and Burnet counties, respectively, are effectively
large isolated solutional voids with limited connectivity to
surrounding hydrologic systems. Both caves consist of a series
of connected rooms with small alcoves, ceiling domes, and pit
entrances. Beaver Creek Bat Cave was extensively mined for
guano in the past and reports describe it as a large, partitioned
chamber with large ceiling domes (Atkinson, 2002). Barnes

Figure 7. Simplified, plan view maps of caves developed within the
Ellenburger Group throughout the study area (modifed from Atkinson, 2002; Reddell, 1973). Note the variations in scale for maps.
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Bat Cave is much smaller and shows evidence of flooding with
a small intermittent stream traversing part of the cave, suggesting the cave has limited connectivity to the surrounding
hydraulic system (Reddell, 1973); the fissure entrance is likely a
more recent vadose incision. Both caves appear to be incidentally intercepted by surface denudation and vadose entrenchment and bulk porosity was likely not formed contemporaneously with the modern environment.
Longhorn Cavern State Park (Fig. 7 and 8), located in Burnet County approximately five kilometers east of the Colorado River, and the nearby area contains approximately one
dozen known caves in Ellenburger carbonates. Most notable
is Longhorn Cavern with over five kilometers of surveyed
passage (Elliott and Veni, 1994) connected between the Sam
Bass and Crownover entrances; other proximal caves include
Blue Room Cave and Frustration Cave (Fig. 7). In general,
Longhorn Cavern exhibits many characteristics similar to Gorman Cave but on a larger scale; ceiling domes, ceiling channels,
wall channels, bedrock partitions, solutional pendants, and
dead-end passages are common with passage development
controlled largely by fractures (Fig. 8). While Longhorn Cavern does have an active stream passage and significant vadose
speleothems, nearby Blue Room Cave and Frustration Cave
appear as small-scale, isolated mazes that are not significantly
connected to the modern hydrologic system. Longhorn Cavern also contains calcite spar-filled vugs and brecciated zones
that are solutionally truncated, similar to what has been documented in the Colorado Bend State Park region. This suggests that hypogenic speleogenesis is a widespread diagenetic
phenomenon for Ellenburger carbonates in the Paleozoic
Aquifer System.
Early speleogenetic models for Longhorn Cavern invoked
traditional epigene theories of cave formation at the water
table (Matthews, 1963), while latter studies describe the cave
as exhibiting a meandering stream pattern (Elliott and Veni,
1994), again implying epigene origins. Paleontological studies (Semken, 1961) of Longhorn Cavern have shown that
solutional development occurred prior to Pleistocene time and
that current speleogenetic processes are limited to epigene
overprinting. Miller’s Cave (Fig. 7) in Llano County also contains similar paleontological evidence (Elliott and Veni, 1994)
and hypogene-like morphological characteristics, suggesting
that many of the caves within Ellenburger carbonates have
primary solution development that significantly pre-dates the

Figure 8. Typical morphologic features observed within Longhorn
Cavern: A) typical ceiling dome, B) complex domal ceiling structure
with abundant solutional pendant structures, C) ceiling dome with
vertical connectivity to overlying strata. Horizontal, black bars are
approximately one meter in length.
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Pleistocene. Currently, debate continues among karst scientists
as to whether the dominant speleogenetic origin of Longhorn
Cavern is the result of hypogene or phreatic processes.
Pennsylvanian Marble Falls Karst
The Marble Falls Limestone averages 115 m thick and is
composed of fine-grained, thin- to thick-bedded, fossiliferous limestone and mudstone with abundant chert (Figs. 2 and
3). Thickness and composition varies significantly laterally as
deposition occurred in foreland basins created by the assimilation of Pangaea in the late Paleozoic. Subsequent tectonism
associated with the Ouachita Orogeny, and more recently
Balcones faulting, have heavily compartmentalized the Marble
Falls Limestone along high-angle fault systems (Smith, 2004).
Marble Falls Limestone is the second most abundant karstbearing unit within the Paleozoic Aquifer System, albeit to a
much lower degree than Ellenburger strata, with 39 individual
caves documented by the Texas Speleological Survey (2015).
Like many of the caves found in Ellenburger carbonates, caves
in the Marble Falls Limestone commonly exhibit “bad air” or
elevated levels of carbon dioxide.
Many of the karst features within the Marble Falls Limestone are solutionally-widened fractures formed by vadose
solution processes and likely represent contemporaneously
formed features with development of the modern geomorphic
landscape. Larger, solutionally-widened fractures show signs
of significant groundwater recharge as evidenced in such caves
as Big Bad Wolff Cave with 1.3 cm-long scallops and plant
debris coating narrow passage walls (Atkinson, 2002). These
fissure caves exhibit definite control by the regional structural
grain, with passages oriented in northwest and northeast directions. In more complex arrangements, these vadose features
show preferential epigene development associated with conjugate sets of fractures, as seen in caves like Wet Crevice Cave
(Fig. 9). Other common features include small solutional pockets within cliffs that do not have clear speleogenetic origins
and may represent modern overprinting of large, pre-existing
vuggy features or epigene features breached by cliff retreat.
While definitive evidence of hypogene karst development
has not been currently documented within Marble Falls Limestone, some caves do suggest that there may have been at least
partial hypogene karst processes affecting the strata locally.
Rock Bridge Cave (Fig. 9), located in Burnet County, consists
primarily of one large room with the eastern portion containing a large, resistant, bedrock pillar, giving the general appearance of a small loop passage throughout half of the cave

Figure 9. Simplified, plan view maps of caves developed in
Pennsylvanian Marble Falls Limestone (modified from Atkinson, 2002; Reddell, 1973).
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(Atkinson, 2002). Two of the cave entrances are pit collapse
structures and large domal ceiling structures are common
throughout. Epigene speleothems are uncommon and low
crawls extend from the eastern and western portions of the
cave. The cave likely represents either a deep-phreatic feature
or an isolated hypogene void that is now being overprinted by
surficial epigene processes. The cave is part of the Snelling’s
Cave System which includes Bad Air Cave, known for notoriously high levels of carbon dioxide, which has prevented
complete exploration of these associated features (Atkinson,
2002).
Cambrian Cap Mountain Karst
Cambrian karst within the area is largely limited to Cap
Mountain Limestone of the Riley Formation, locally characterized as the upper confining layer of the Hickory Aquifer
(Figs. 2 and 3). Only three caves have been found in the
San Saba member of the Wilberns Formation, but these are
part of the associated Ellenburger-San Saba Aquifer and are
effectively equivalent to Ellenburger karst discussed above.
Cap Mountain Limestone is a silty to sandy limestone, usually
fine-grained and locally contains abundant glauconitic pelloids (Barnes, 1981). It grades from Hickory Sandstone near
the base to limestone at the top where Cap Mountain caps
the Riley Formation and is overlain by Wilberns Formation;
thickness varies from four to 23 m as it was deposited around
peripheral hills and knobs of Pre-Cambrian basement rock
(McCann, 2012).
Barnes (1952) originally reported karst development within
Cap Mountain Limestone as being solution-widened joints
that form fissure karst systems, which is consistent with
subsequent karst exploration and survey within these strata.
Known cave and karst features within the Cap Mountain are
sparse, including a total of 19 features documented in Blanco,
Gillespie, Llano, and Mason counties by the Texas Speleological Survey (2015). While many karst features documented
within the Cap Mountain appear to be solutionally-widened
fissures formed by vadose processes (e.g. Ringtail Cave and
Wolf Pit—Fig. 10) or small cliffside alcoves and shelter, the
larger caves documented within the unit exhibit characteristics commonly documented in hypogene caves. With the Cap
Mountain Limestone commonly referenced as the confining
unit of the Hickory Aquifer (TWDB, 2007), it is probable that
hypogene karst would form under these conditions, especially
in regions where brittle deformation has created preferential
zones for solutional enhancement. Like epigene fissure systems and caves of the Cap Mountain, the features that appear
to at least be partially formed by hypogene processes exhibit
strong structural control that is consistent with regional brittle
deformation trends.
Buffalo Cave, located in Blanco County, is a long, linear
maze cave with dominant passages oriented to the northeast
and secondary passage development oriented to the northwest
(Fig. 10) (Reddell et al., 1999). The total lateral distance of
the cave is nearly 400 m, but at no point does total cave width
exceed 30 m; total surveyed length is 1219 m with a depth
of 9 m. Dominant passages average four to five meters tall
with widths near two meters forming five parallel passages;
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Figure 10. Simplified, plan view maps of caves developed in Cambrian Cap Mountain Limestone (modifed from Reddell et al., 1999).

connecting secondary passages are generally low. The cave has
numerous collapse zones and areas with stable ceiling areas
contain thousands of solutional pendants. The cave floor is
mostly gravel-covered and a small stream runs through the
southwest portion and continues to nearby Buffalo Springs
where discharge is significantly higher than that reported in
the cave, indicating that the spring is connected to a larger
system than just the known extents of Buffalo Cave (Elliott
and Veni, 1994). In the proximal region, long, linear sinks also
occur, which likely represent collapsed portions of similar
caves. While the cave is currently being heavily overprinted by
epigene processes with multiple collapse entrances and spring
connectivity, general morphology and abundant roof pendants
suggest this feature was formed by hypogene processes that
have been subsequently modified by epigene processes associated with landscape denudation. Unfortunately, the cave was
reported as sealed by the owner in 1995 to prevent trespassers
from entering (Texas Speleological Survey, 2015).
Double Door Cave and Cedar Mountain Cave (Fig. 10) in
Llano County are both developed along dominant fractures
with dead-end passages and surveyed lengths of 152 and 122
m, respectively (Reddell et al., 1999). Both contain numerous ceiling domes that extend significantly above the average
passage height and maze-like characteristics. Although neither
exhibits definitive evidence of hypogene origins, they do not
show clear evidence of epigene origins either. These features
either represent hypogene void structures or isolated phreatic
zones of enhanced solution that were not directly connected
to a major groundwater flow route. Similarly, Devil’s Hollow Cave (Fig. 10) in Llano County exhibits strong structural control with dead-end passages and two levels of cave
development, but has extensive breakdown and more uniform
ceiling heights with limited domes throughout (Reddell et al.,
1999). Devil’s Hollow Cave has regions of well-developed
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speleothems, suggesting a less-confined speleogenetic history
coupled with late-phase vadose overprinting. With 274 m of
surveyed passage, Devil’s Hollow Cave is significantly larger
than Double Door and Cedar Mountain caves and may represent hypogene origins but with a greater degree of epigene
overprinting.
Keyser Cave (Fig. 10), located in Mason County, appears to
be a typical solutionally-widened fissure cave, with an entrance
crevice 1.5 m wide, 20 m long, and 15 m deep in the bottom
of a rocky gully (Elliott and Veni, 1994). At the base of the
entrance crevice, a fracture-controlled, belly crawl continues
23 m down gradient to a trifurcation where passages have not
been explored due to high carbon dioxide levels (up to 21%)
(Elliot and Veni, 1994). Like caves commonly encountered in
Ellenburger carbonates, sources of elevated carbon dioxide
levels are not clear and may either be from decaying organics
introduced as overland flow into the cave or may be sourced
from host rock. While no evidence of hypogene origins exists
in this feature, the presence of high levels of carbon dioxide,
if sourced from the host rock, could produce more aggressive
fluids in these strata that could facilitate hypogene development in confined regions.
Mineralized Springs in the Paleozoic Aquifer System
Mineralized springs are reported throughout the Paleozoic
Aquifer System that are generally characterized as having a minor thermal component, elevated total dissolved solids (TDS),
and a strong “rotten egg odor” that is associated with hydrogen sulfide degassing (Stafford et al., 2014). While springs with
“typical” karst geochemistry are common within Paleozoic
strata of the Llano Uplift, mineralized springs are dispersed
among them and often do not exhibit any distinct geologic
differences from typical karst springs in the proximal area.
Sulphur Springs, located along the Colorado River and a
few kilometers upstream from Colorado Bend State Park, is a
classic mineralized spring within the Paleozoic Aquifer System.
DeLeon (2010) investigated Sulphur Springs in conjunction
with known springs within the Colorado Bend State Park
area and found that Sulphur Spring maintained a constant
temperature of 23.0° C with effectively no seasonal variation,
while other springs (e.g. Bear Spring, Lemon Spring, Gorman
Spring) in the area exhibited average temperatures of 21° C
and showed seasonal variation as well as thermal response to
significant precipitation events in the area. Average TDS for
Sulphur Spring is over 2000 ppm with more than 3.0 ppm sulfates, while TDS for “typical” karst springs in the area is nearly
an order of magnitude lower (~350 ppm) with approximately
one third the sulfate concentration. Stafford et al. (2011)
postulated that Sulphur Springs represented a deep-circulation
flow system in which fluids were being delivered from lower
strata within the Paleozoic Aquifer System along preferential
fractures towards the potentiometric low of the Colorado
River. They showed that the modern hydrogeologic system associated with the Colorado River is complicated with vadosefed karst springs, phreatic karst springs, and deep-seated karst
springs all converging towards the potentiometric low created
by the persistent incision of the Colorado River (Stafford et
al., 2011).
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Among mineralized springs of the Paleozoic Aquifer System, the densest known cluster occurs within and near Lampasas, Texas, including: Hancock, Hannah, Gooch, and several
smaller springs. Stafford et al. (2014) reported that these mineralized springs consistently exhibit high TDS concentrations
(2000 to 6000 ppm), low dissolved oxygen concentrations
(<10%), elevated sulfate concentrations (>20 ppm), and stable
temperatures that exhibit minimal or no seasonal fluctuation.
Tritium analyses of the mineralized springs fell within the
range of 0.43 and 1.31 tritium units, while “normal” karst
springs and local precipitation were ~1.3 and 2.1 tritium units,
respectively (Stafford et al., 2014). Therefore, tritium analyses
suggest that mineralized springs are composed of mixed fluid
sources with probable deep flow components mixing with
shallow, epigene components. Similarly, δ2H and δ18O values
of “mineralized” and “normal” karst springs in the area indicate that springs are transitional between purely epigene and
purely deep-seated springs (Fig. 11), with varying degrees of
mixing within different spring systems (Stafford et al., 2014).
Current research indicates that mineralized springs exhibit
elevated concentrations of zinc and iron as well as lead, to a
lesser degree, which correlates well with reported occurrences
of hydrothermal, sulfide minerals associated with lead (galena)
and zinc (sphalerite) mineralization proximal to basement rock
in the region (Barnes, 1956).
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Ellenburger carbonates can be used as a model for general
karst development within the Paleozoic Aquifers, assimilation of current and past research within the region indicates
multiple phases of diagenesis have affected the region that can
likely be extended to Cambrian and Pennsylvanian speleogenetic histories.
Karst development in Ellenburger carbonates is complicated by a long diagenetic history. Current theories on diagenetic/speleogenetic history of Ellenburger carbonates are
summarized as follows:
• Early to mid-Ordovician deposition in a shallow carbonate platform environment.
• Late Ordovician, early-phase dolomitization by reflux
processes.
• Silurian to Devonian subaerial exposure and epigene karst
development.
• Carboniferous sedimentation and burial to form brecciated, paleokarst.
• Late-phase, episodic dolomitization, silicification, and sulfide mineral emplacement associated with hydrothermal
fluid migration induced by Ouachita tectonism.
• Early Mesozoic tectonism and reactivation of deep-seated
faults resulting from Pangaea rifting.
• Late Mesozoic epicontinental flooding and deposition of
overlying Cretaceous strata.
• Early Cenozoic Uplift of Central Texas with downdropping of the Coastal Plain across the Balcones Fault
System as a result of Laramide/Basin and Range tectonism coupled with Gulf of Mexico sediment loading.
• Tertiary development of hypogene and/or deep-phreatic
karst conduits in association with development and entrenchment of major fluvial systems across the region.
• Quaternary breaching of cave systems due to surface
denudation with vadose, epigene overprinting.
While the general diagenetic sequence is probable for the
Paleozoic Aquifers, it is a simplistic approach that current and
future research will attempt to refine. Some of the major questions surrounding speleogenesis in the region include:

Figure 11. Isotope (δ2H and δ18O) analyses of Paleozoic Aquifer
spring samples from Lampasas and San Saba counties, which indicate
that a continuum of fluid mixing exists between “normal” karst
springs and mineralized springs within the region.

Conclusions
Speleogenesis within carbonate strata of the Paleozoic
Aquifer system is complicated with multiple diagenetic and
tectonic phases having overprinted strata. Limited karst development has been documented in the Cambrian Cap Mountain
and San Saba limestones, with only slightly better documentation in Pennsylvanian Marble Falls Limestone. More than 400
cave and karst features have been documented within Ellenburger carbonates, but an extreme exploration/documentation
bias exists towards karst studies proximal to Colorado Bend
State Park where 95% of these Ellenburger features have been
documented. Assuming that diagenesis and speleogenesis of

• When did large vuggy structures filled with macro-crystalline calcite spar form? These appear to be post-dolomitization structures, but their origins remain enigmatic.
It is possible that these large vugs are hypogene features
formed during the early Mesozoic and were subsequently
filled by calcite spar in the late Mesozoic when marine
inundation covered the region.
• When did large cavernous porosity develop in the region?
Paleontological studies suggest that many of the caves
that can be explained as either deep-phreatic or hypogene
in origin were formed prior to the Pleistocene and were
subsequently intercepted by surface processes including
collapse and vadose entrenchment.
• Sufficient evidence exists across the region to indicate
that some caves have hypogene origins with varying degrees of epigene overprinting, but quantifying the extent
of hypogene versus epigene influence on the speleogenet-
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ic evolution remains difficult. Identification of morphologic features found in these caves that can definitively
characterize the speleogenetic process as either hypogene
or deep-phreatic remains difficult.
• What is the source of “bad air” or elevated carbon
dioxide found in many caves throughout the Paleozoic
Aquifer system? While decomposition of surface-derived
organics is often attributed to high carbon dioxide levels,
many of the karst features that exhibit “bad air” in the
region do not contain significant accumulations of detritus. High levels of bitumen within Ellenburger carbonates suggests that elevated carbon dioxide found in many
caves is sourced directly from host rock, which could provide a mechanism for increasing fluid aggressivity in these
strata, especially when rock units are largely decoupled
from near-surface processes as is found in hypogene and
deep-phreatic karst development.
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Geochemical studies indicate that the Paleozoic Aquifer
System remains hydrogeologically complex. Current and
recent studies on “mineralized springs” within the region
indicate that subsurface flow paths may be significantly varied
within a relatively narrow spatial extent, including: 1) ephemeral, vadose-derived springs; 2) perennial, shallow-epigene
springs; and 3) deep-seated flow associated with mineralized
springs. Evolving models invoke varying degrees of circulation interacting with localized sulfide-rich mineralized zones
and shallow epigene groundwater to account for variation and
geochemical signatures of “mineralized springs” (Fig. 12). It is
probable that most of these springs represent varying degrees
of semi-confined fluids rising along fracture boundaries creating cross-communication between stacked aquifers and may
represent discharge points for leaky hypogene systems currently forming at depth.
Like much of Texas, speleogenetic studies within the Paleozoic Aquifer System remain in their infancy. While localized research has been conducted in the region, limited land
access and the large spatial extent have thus far precluded
the development of large-scale speleogenetic models for the
region. Karst analyses of the region rely heavily on mapping
conducted by cavers over the past several decades, while detailed geologic, hydrologic, and geochemical studies are much
needed to better elucidate the regional and local processes.
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Abstract
The high solubility of gypsum means that it can readily be
dissolved to form caves, sinkholes, and other karst features.
North Texas and western Oklahoma contain extensive outcrops of gypsum in the Permian-age Blaine and Cloud Chief
formations, and 370 caves have already been identified in these
strata. The Blaine Formation, which crops out in north Texas
and Oklahoma, was deposited as interbedded dolomite, gypsum, and shale in a shallow sea that extended far beyond the
back-reef area of the great Delaware/Midland Basin of West
Texas and southeast New Mexico. The Blaine is 30–140 m
thick, and some of its gypsum beds are locally more than 10
m thick. The younger Cloud Chief Gypsum is restricted to the
eastern part of the Anadarko Basin in Oklahoma: it is massive
gypsum that is as much as 36 m thick. Caves in the Blaine Formation are among the longest gypsum caves in the world, and
one of them, the D.C. Jester Cave, the longest gypsum cave in
the United States, is 10,065 m long. Most of the caves in the
region appear to be formed by epigene processes, but there is
no clear evidence to indicate that hypogene processes have not
also influenced karst development.

Introduction
North Texas and western Oklahoma are among the best
areas in the United States for the study of evaporite karst,
especially gypsum karst and gypsum caves. The area containing gypsum outcrops and caves described in this report
extends about 500 km north-south and as much as 200 km
east-west. A total of 370 gypsum caves have been recorded
in the study area, including 20 of the longest gypsum caves in
the world. Although gypsum is a soluble rock, in the semi-arid
to sub-humid climate of north Texas and western Oklahoma
it resists erosion and tends to cap buttes and mesas. Average
annual precipitation in the north Texas study area ranges from
about 550–650 mm, whereas in western Oklahoma it ranges
from 630–760 mm. Therefore, there is sufficient rainfall to
cause development of gypsum caves and other karst features,
but not enough to cause complete erosion and elimination
of gypsum outcrops (as is the case in more humid regions of
eastern United States).
I want to recognize several colleagues and good friends who
have provided me with valuable information on gypsum karst
and gypsum caves over the years: John and Sue Bozeman, with
the Central Oklahoma Grotto in Oklahoma City, have guided
me through several gypsum caves in western Oklahoma, had

me join them in writing several reports on gypsum caves, and
reviewed this report prior to publication; the late James F.
Quinlan and A. Richard Smith, with whom I collaborated on
several reports about evaporite karst; and the late Philip E.
LaMoreaux, who was a mentor on all aspects of karst. Appreciation is also expressed to Kevin Stafford and Doug Kirkland
for review of this manuscript and making significant suggestions to improve the text.

Regional Geologic Setting and Stratigraphy
Gypsum outcrops of north Texas and western Oklahoma
are in the Permian-age (Guadalupian) Blaine and Cloud Chief
formations. Blaine Formation carbonates and evaporites,
namely dolomite, gypsum (anhydrite at depth), and salt (halite), were deposited in a broad, epicontinental sea that covered
much of southwestern United States (Fig. 1). This shallow
evaporite basin, about 650 km wide and 1,100 km long, was
connected with the open ocean to the south. Normal-marine
carbonates (San Andreas Limestone), deposited on the backreef shelf of the Delaware/Midland Basin area, grade laterally
to the east and north into evaporites and red-bed clastics that
crop out in north Texas, western Oklahoma, and southwest
Kansas. Gypsum in the younger Cloud Chief Formation,
on the other hand, is restricted to the eastern part of the
Anadarko Basin of western Oklahoma, and is equivalent to
part of the Seven Rivers Formation in the back-reef area of
the Delaware/Midland Basin.

Figure 1. Paleogeography and principal facies during deposition of
Blaine Formation evaporites in southwestern United States.
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Figure 2. Map of north Texas and western Oklahoma showing
outcrops of major karstic gypsum formations and gypsum caves
described in this report. Also shown are A, B, C, and D; measured
sections of Blaine Formation illustrated in Fig. 3.

Blaine Formation
Outcrops of the Blaine Formation consist of 30–140 m of
interbedded dolomite, gypsum, and shale that extend from
just west of Abilene, Texas (on the south), northward through
western Oklahoma, and still farther north into Kansas (Fig.
2). The Blaine dips gently to the west in Texas, at less than
one degree. In Oklahoma the formation dips at a similar low
rate towards the axes of the Hollis and Anadarko basins. Only
along the south flank of the Anadarko Basin does the Blaine
have a regional structural dip of 1–3 degrees, or more: here
the Blaine is flexed over the deep-seated Mountain View Fault
Zone that separates the Wichita Uplift from the Anadarko
Basin. In all areas, the Blaine Formation contains interbeds
of salt down-dip from the outcrop, and that salt is dissolved
where it is at shallow depths. Locally, Blaine strata dip at steep
angles of up to 50 degrees, where local faults or dissolutioncollapse features disrupt the typical gentle dips.
Where well exposed, or in shallow cores, the Blaine is a
series of cyclic rock units, wherein each cycle consists of (in
ascending order) dolomite, gypsum (or anhydrite), red-brown
shale, and green-gray shale (Fig. 3). Unfortunately, in many areas (particularly north Texas and southwest Oklahoma) some
of the gypsum beds have been partially or totally removed by
dissolution, or disrupted by dissolution of interbedded or underlying salt beds; thus, in some localities, it can be extremely
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difficult to identify and correlate units in the Blaine Formation
without cores. The Blaine has been well-studied in the three
outcrop districts of north Texas, southwest Oklahoma, and
northwest Oklahoma: principal surface studies in north Texas
are by Pendery (1963) and Jones (1971); studies in southwest
Oklahoma are chiefly by Scott and Ham (1957) and Johnson
(1967, 1990a, 1990b); and studies in northwest Oklahoma are
by Fay et al. (1962) and Fay (1964, 1965).
In each of the three districts, the Blaine is defined as the
entire series of gypsum beds that can be conveniently grouped
together, and thus the top and base of the Blaine Formation
are not the same throughout the region (Fig. 3). A different
nomenclature for gypsum and dolomite units has developed in
each district, because correlation or equivalence of units was
not established until long after a local nomenclature had been
developed in each district. Where first named and described
in Blaine County, northwest Oklahoma, the Blaine Formation
is about 30 m thick and consists of three principal gypsum
beds that are overlain by the Dog Creek Shale and underlain
by the Flowerpot Shale (Fig. 3, D). In southwest Oklahoma,
the Blaine is 50–60 m thick; the base is the same gypsum unit
as in northwest Oklahoma (but with a different name), and
a number of closely spaced gypsum units above the Shimer
Gypsum are embraced in the Blaine of southwest Oklahoma
(Fig. 3, C). Similarly, a number of gypsum beds above the
Acme Dolomite and below the Haystack Gypsum in north
Texas are included within the “Blaine of Texas,” and the total
thickness is as much as 140 m (Fig. 3, A and B). All three of
the formations, the Flowerpot, Blaine, and Dog Creek, contain

Figure 3. Correlation of the Blaine Formation from Stonewall County, Texas (“A”), to Woodward County, Oklahoma (“D”). Location of
A, B, C, and D are shown on Figure 2. Base and top of the Blaine
Formation varies in different locations, and generally rises or falls to
embrace major gypsum beds. Only thicker dolomite beds are shown.
The distance from A to D is about 425 km.
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interbeds of salt in the deeper subsurface, but the salts are dissolved where they are at shallow depths (Johnson, 1981).
The Blaine evaporites and associated red beds (Dog Creek
and Flowerpot Shales) grade laterally to the east and north
from normal-marine limestones. Close to the Delaware/Midland Basin, the thick San Andres Limestone grades into the
thick evaporite sequence of the Blaine of north Texas; farther
north, fewer gypsum and dolomite units persist into southwest
Oklahoma, and those at the top and bottom grade into shales
in the Dog Creek and Flowerpot, respectively; and still farther
north the uppermost gypsum beds of southwest Oklahoma
grade laterally into shales, and only three principal gypsum
beds persist into northwest Oklahoma.
The Blaine of Texas crops out on the east flank of the Midland Basin, from Fisher County to King County, and on the
flanks of the Palo Duro and Anadarko basins farther north to
Wheeler County (Fig. 2). The Blaine of southwest Oklahoma
is exposed in the Hollis Basin, in Harmon, Jackson, and Greer
counties, and on the south flank of the Anadarko Basin just to
the north (Beckham County and the Washita–Kiowa County
line). The Blaine of northwest Oklahoma is exposed on the
north flank of the Anadarko Basin.

113

Cloud Chief Formation
The Cloud Chief Formation is a flat-lying gypsum and
red-bed sequence between the Rush Springs Sandstone (below) and the Doxey Shale (above) in the Anadarko Basin of
western Oklahoma. The massive gypsum at the base, generally called the Cloud Chief Gypsum but also referred to as
the Moccasin Creek Bed (Fay, 1965; Fay and Hart, 1978), is
as much as 36 m thick in the Weatherford–Clinton area, and
typically is about 20–30 m thick in eastern Washita and Custer
counties, and western Caddo County (Ham and Curtis, 1958).
From this area (Fig. 2) the gypsum unit thins sharply to less
than 2–3 m to the west, grading laterally into red-bed shale
and sandstone, and does not contain significant karst features
or caves elsewhere. The Cloud Chief Gypsum is absent, due
to erosion, to the north, east, and south.

Karst Features

Karst features, including caves, sinkholes, springs, and disappearing streams are abundant and widespread in the evaporite
units of north Texas and western Oklahoma. Gypsum karst
is conspicuous in outcrops of the Blaine and Cloud Chief
formations, but less conspicuous
are the specific results of subsurface
dissolution and karst development in
the salt (halite) beds in the Flowerpot, Blaine, and Dog Creek formations. Examples of gypsum karst,
caves, and local dissolution/collapse
structures are shown in figure 4. Figure 4A shows the preferential early
dissolution of gypsum along joints
and bedding planes, and such openings are enlarged by further dissolution by through-flowing waters and
by abrasion, due to sand, gravel, and
other materials carried in the waters.
Figure 4B indicates the size of some
of the sinkholes that can feed into
local caves and underground water
courses. Figures 4C and 4D show
collapse structures and tight folds
that result from dissolution of salt
and gypsum in the Blaine Formation
and underlying strata in the shallow
subsurface along Prairie Dog Town
Fork Red River (PDTFRR) in Texas.
Figures 4E and 4F are interior views
of two caves in the Blaine Formation
of western Oklahoma.
The widespread occurrence and
dissolution of salt in the Blaine
Figure 4. Gypsum karst, sinkholes, and caves in north Texas and western Oklahoma: A) karst in
Formation and associated strata (the
Cloud Chief Gypsum, with dissolution most pronounced along joints and bedding planes, Oklahounderlying Flowerpot salt and the
ma; B) Gypsum sinkhole in Blaine Formation, Oklahoma; C) Dissolution of salt and gypsum causes
collapse block of Blaine Formation along Red River, Texas; D) Dissolution of salt and gypsum causes overlying Dog Creek salt [named the
“Yelton salt” in the Anadarko Basin])
tight fold in Blaine Formation along Red River, Texas; E) Interior of D.C. Jester Cave in Blaine
further disrupts Blaine Formation
Formation, Oklahoma; F) Interior of Cascade Spring Cave, Blaine Formation, in Greer County,
outcrops and induces additional gypOklahoma. Photos A through D by the author; E and F by John and Sue Bozeman.
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located in the Blaine Formation of Texas and Oklahoma. The
longest gypsum cave in the world, Optymistychna Cave in
Ukraine, is 236 km long (Gulden, 2015). The next four longest
gypsum caves are also in Ukraine, and they range from 127 to
22.6 km long. The next two longest, numbers 6 and 7, are in
Russia and Italy, respectively, and are 16.2 and 10.4 km long.
And then there is D.C. Jester Cave, ranked the eighth longest
gypsum cave in the world at 10,065 m long; eight other caves
in the Blaine of Oklahoma are among the longest gypsum
caves in the world (Table 1). River Styx Cave, in King County,
is the longest gypsum cave in Texas at 2,562 m, and another
ten caves in the Blaine of Texas are among the longest gypsum caves in the world (Table 1).
The number of known gypsum caves in north Texas, according to the Texas Speleological Survey, is 122 (Table 2).
The counties with the greatest number of caves are Childress
(38 caves), Collingsworth (30), Cottle (20), and Hardeman
(14). In contrast, the number of known gypsum caves in western Oklahoma (248) is more than double the number recorded
in north Texas, with leading counties being Woodward (65),
Major (58), Washita (41), and Greer (38).
Figure 5. Generalized map, columnar section, and cross section showing evaporites and salt-dissolution zones in the Blaine Formation and
associated strata near the Red River area of north Texas (modified
from Johnson, 1981). Strata above salt dissolution zones are brecciated and disrupted, thus enhancing flow of ground water through the
gypsum beds and increasing the amount of gypsum karst. Original
lateral extent of each salt unit (and extent of dissolution) is uncertain.

sum karst by causing collapse and partial breakup of the gypsum layers. An excellent example of relationships between salt
dissolution, disturbance of overlying strata, brine emissions,
and gypsum karst is in the PDTFRR area of north Texas
(Figs. 4, 5). During the late 1970s, I worked with the U.S.
Army Corps of Engineers in evaluating the origin of naturally
occurring brine springs and salt plains in the Arkansas and
Red River drainage basins, in order to determine how best to
control these brine emissions and thus improve the quality of
surface waters downstream from the emission areas (Johnson, 1981). The study in the PDTFRR area (Fig. 5) shows the
presence of significant salt beds in the Blaine and associated
formations, and that these salt beds are missing at shallow
depths (less than 100–150 m deep). Salt is dissolved by ground
water, and the resultant brine is carried to the surface through
karst features and alluvium to form the various salt plains and
Estelline Spring. Similar salt plains and salt springs, formed
by dissolution of these same salts elsewhere, are documented
at many places from Kent County on the south to Hall and
Childress counties on the north (Richter and Kreitler, 1986).
Evaporite dissolution and development of numerous collapse
sinkholes and closed depressions in Hall and Briscoe counties
are documented by Gustavson et al. (1982). Salt dissolution,
salt plains, and collapse structures are also documented farther
north in the Anadarko Basin (Johnson, 2003, 2013).
Gypsum caves in north Texas and western Oklahoma are
among the longest gypsum caves in the world (Table 1). Of
the 116 longest known gypsum caves in the world, 20 are

Table 1. Gypsum caves in north Texas and western Oklahoma that
are among the longest caves in the world (from Bob Gulden, www.
caverbob.com “world longest gypsum cave list”).

Table 2. Number of recorded gypsum caves in north Texas and
western Oklahoma. Texas data from Texas Speleological Survey
(2015); Oklahoma data provided by Sue and John Bozeman, Central
Oklahoma Grotto, Oklahoma City.
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North Texas Caves—Blaine Formation
The extensive distribution of the Blaine Formation in
Texas, and the presence of abundant, fairly thick gypsum beds
(locally more than 10 m thick, Fig. 3), make the area ideal for
the development of numerous gypsum caves (Table 2). In
addition, the presence of significant dolomite aquifers in the
Blaine further enhances cave development in adjacent gypsum
beds. The general geology of Blaine Formation outcrops in
this district is given by Pendery (1963) and Jones (1971), and
aquifer characteristics of the Blaine in north Texas are given
by Hopkins and Muller (2011).
Several earlier reports have discussed and documented
many of the gypsum caves in the Blaine Formation of north
Texas. A comprehensive study by Reddell and Russell (1963)
describes 41 gypsum caves in the area, along with another
six “doubtful” gypsum caves, and five “rumored” gypsum
caves. McGregor et al. (1963) mention or describe 13 gypsum
caves at sites located from Stonewall County, on the south, to
Childress and Hall counties, on the north. They discuss how
several of the caves formed in the vadose zone and how some
developed in the phreatic zone. In a comprehensive report on
caves and karst throughout Texas, Elliott and Veni (1994) provide information on 12 gypsum caves in the Blaine of Texas.
Following are descriptions and maps of representative gypsum caves in the Blaine of north Texas: they are listed from
Stonewall County on the south, to Collingsworth County on
the north.
Creek Cave, Stonewall County
Creek Cave, located south of Aspermont in southern Stonewall County (Fig. 2), is an excellent example of a joint-controlled cave in gypsum of the Blaine Formation: data on Creek

Figure 6. Creek Cave, Stonewall County, Texas, showing floor
plan (after Reddell and Russell, 1963).
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Cave are from Reddell and Russell (1963). Two intersecting
joint sets (NNW and ENE) determine the right-angle bends
in the floor plan, as well as in the square pillars and panels of
gypsum that remain in the passageways (Fig. 6). The passageways are quite large, generally 2.5–3 m high and 4.5–6 m wide,
and several sinkholes have opened to the land surface. The
larger sink, just south of the natural bridge on the north end,
is about 30 m long and 9 m wide; it is floored with breakdown
and the walls are not easily climbed. Creek Cave, 366 m long,
is the 113th longest gypsum cave in the world (Table 1).
Creek Cave has been invaded by a surface stream. When
flowing, the stream enters on the south, follows the orthogonal cave pattern, and then exits on the north. When surveyed
by Reddell and Russell in 1963, there were pools of water up
to 1 m deep in various parts of the cave. In addition, there was
much mud and organic debris left by the creek during floods.
Reddell and Russell (1963) believed that stream flow through
the cave would soon destroy the cave. There are no later
reports on the condition of the cave. They also reported that
“the stream has cut through the original gypsum floor and has
reached a softer, easily eroded red clay. Erosion of this [clay]
bed has undermined the pillars between the passages, and as
there is never over 3 m of overburden, collapse soon follows.”
The current condition of the cave is not reported.
Creek Cave is about 0.5 km from the better-known Aspermont Bat Cave, which also is a joint-controlled cave system
(Reddell and Russell, 1963).
River Styx Cave, King County
River Styx Cave, located in central King County (Fig. 2), is
2,562 m long: it is the longest gypsum cave in Texas, and is
the 41st longest gypsum cave in the world (Table 1). It has also
been referred to as Bateman Cave, Guthrie Cave, or Styx Cave
(Reddell and Russell, 1963), and is one of the best known
caves in north Texas. A comprehensive description of River
Styx Cave is given by Reddell and Russell (1963), and an excellent summary of the cave is presented by Elliott (in Elliott and
Veni, 1994, p. 221): the following description draws heavily on
these sources. A map of the cave is presented in figure 7.
River Styx Cave is developed along the crest of a small

Figure 7. River Styx Cave map, King County, Texas, showing floor
plan (after Graves and Walsh, 1976).
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anticline that may have formed due to dissolution of underlying salt beds. The anticline is about 250 m wide, and strata
dip away from the axis of the structure at angles of 10–15
degrees. The main passages of the cave tend to follow the axis
of the anticline. Although there is an absence of strong joint
control on cave development, most of the observed joints are
parallel to the anticlinal axis and probably are the controlling
factor in orientation of the larger passages; a large portion of
the cave is of phreatic origin (Reddell and Russell, 1963). Passages are 1–5 meters high, and average 2–10 meters wide. The
cave contains solution-formed pockets, horizontal ledges of
gypsum projecting one meter into passages in areas of dipping
strata, and, in parts of the cave, a maze-like character. Reddell
and Russell (1963) believe these features indicate that the cave
has not been modified significantly since it was formed by
slow-moving water, although they recognize some modification by modern floodwaters carrying gravel through the cave.
With all the interconnecting passages, loops, and short side
passages, the map of River Styx Cave resembles a maze (Fig.
7).

channel, with joints trending at N–S, N35ºW, N60ºW, N75ºW,
and N25ºE (McGregor et al., 1963). Surface water enters
mainly through the sinkhole just north of the Big Room, and
flows to the south causing dissolution and erosion of the gypsum; most of the cavern development was probably in the vadose zone. Vertical and lateral erosion of shale underlying the
Acme Gypsum has caused collapse and breakdown of gypsum
blocks near the entrance. The Big Room, which is 30 m long,
15 m wide, and 15 m high, is quite impressive, compared to
other cave rooms in the Blaine Formation.
Early development of Collapse Cave was by surface water
that descended into the gypsum along joints and fractures, and
water was further dispersed along bedding planes (McGregor
et al., 1963) (see Fig. 4A). A sloping passageway for the water
was formed by gypsum dissolution along the series of intersecting joints, followed by downward dissolution/erosion until
the channel reached the underlying shale. Upon reaching shale
1, flowing water cut down and laterally in such a manner as to
undercut the Acme Gypsum and cause it to collapse as large
blocks in Collapse Rooms 1 and 2 (Fig. 8).

Collapse Cave, Cottle County
Collapse Cave, located in northeast Cottle County (Fig. 2), is
one of the longer gypsum caves in north Texas, with a length
of 366 m (Table 1). Specific information about Collapse
Cave has been given by McGregor et al. (1963) and Reddell
and Russell (1963), and most of the following description is
from their reports. A map and cross sections of the cave are
presented in figure 8.
Collapse Cave is well named because of the large blocks of
breakdown in the first 60 m, or so, from the entrance on the
south (Fig. 8). The cave is essentially a long, joint-controlled

Walkup Cave, Hardeman County
Walkup Cave is located in the southwest corner of Hardeman County, about 5 km east of Collapse Cave (Fig. 2). With
a length of 1,187 m, this is one of the longest gypsum caves
in north Texas (Table 1). Good sources of information about
Walkup Cave are Reddell and Russell (1963), Brown (1987),
and Elliott and Jorden (in Elliott and Veni, 1994, p. 211–212),
and I have relied heavily on these reports. A map of the cave
is shown in figure 9.
Walkup Cave results from draining of a stream to the north,
with the surface waters flowing south through the cave system
and into the Pease River. Water enters through the Main Entrance, travels about 110 m and reaches Division Room, where
the passage divides (this room may also be referred to as
“Decision” Room). The right branch is a small crawlway that
leads to a large sink with multiple entrances, beyond which
there are two short caves—Boulder Cave and Short Cave. The

Figure 8. Collapse Cave, Cottle County, Texas, showing floor plan
and selected cross sections (after McGregor et al., 1963).

Figure 9. Walkup Cave map, Hardeman County, Texas, showing
floor plan (after Texas Speleological Survey, unpublished data).
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left (main) branch from Division Room starts out as a passage
that is 3–3.5 m wide and 2–3 m high, and it continues as a
fairly open system for the next several hundred meters. Then,
near the south end of the cave, it makes a complex loop that
crosses under itself; the loop, about 90 m long, forms the Big
Room, with the lower part of the loop being about 4 m below
the upper.
Estelline Spring, Hall County
Estelline Spring is located in alluvium on the south side of
Prairie Dog Town Fork Red River, about 1.6 km east of the
town of Estelline, in eastern Hall County (Figs. 2, 5, 10). A
special study of this sinkhole/cave/spring was carried out
by the U.S. Army Corps of Engineers (USACE) because it
was the source of high-salinity brine (a flow of 127 L/sec
that released 450 metric tons of salt per day) that degraded
the quality of water in the Red River system (Galegar and
DeGeer, 1969). SCUBA divers determined the shape, depth,
and volume of the brine-filled cavity. The surveyed volume of
the cavity is about 11,038 m3, and they measured the cavity to
a depth of 38 m, where it terminated in a small opening about
0.6 by 0.9 m wide; beyond this point, the cavity extended to an
unknown size and depth (Galegar and DeGeer, 1969). Based
upon my own studies of the local geology around Estelline
Spring, carried out on behalf of the USACE, I believe the two
dolomite units in the cavity (Fig. 10) are the Hollis Dolomite
(below) and the Guthrie Dolomite (above).
To eliminate the flow of brine from Estelline Spring, the
Corps built an impervious, circular dike around the spring in
1963. The dike, 104 m in diameter and 3 m high, was to stop
the natural flow of the spring: it succeeded in completely

Figure 10. Vertical cross section of brine-filled cave beneath Estelline
Spring, Hall County, Texas, based upon divers using SCUBA gear
(after Galegar and DeGeer, 1969). At a depth of 38 m, the cave’s
diameter is less than 1 m; total depth unknown.
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suppressing the flow when the water within the dike rose and
imposed a head of 1.7 m above local ground level (Galegar
and DeGeer, 1969). Although the flow of brine from Estelline
Spring was stopped by the dike, the highly karstic nature of
the local bedrock, and the undoubtedly high permeability of
the overlying alluvium, must allow the brine to exit the main
cavity and seep to the surface elsewhere in the vicinity.
Russell and Elliott (in Elliott and Veni, 1994, p. 317–318)
note that the flow from Estelline Spring is about 11,000 L/
min, and that the brine is about twice as salty as sea water.
They state that the spring is also the home of a salt-water crab
and an unidentified barnacle; the crab species is unique to
Estelline Spring, and the closest relatives of this crab are on
the west coast of the United States.
Upper Hinton Creek Cave, Collingsworth County
Upper Hinton Creek Cave, in eastern Collingsworth County
(Fig. 2), is unique in that it contains the largest room known
in a Texas gypsum cave; this room, The Amphitheatre, is 21
by 37 m. These dimensions and the following description are
from Elliott (1977) and from Elliott and Jorden (in Elliott and
Veni, 1994, p. 171–173). This cave is also one of the longer
gypsum caves in Texas, with a length of 541 m (Table 1). Figure 11 is a map showing the plan for this cave.
Upper Hinton Creek Cave contains a large, meandering
main passage that opens into a room that is about 15 m across
and 6 m high. A bit farther is The Amphitheatre, and 90 m
beyond this the stream enters the cave from massive breakdown where there is an upper-level crawlway lead. Overburden
is 17–20 m at the upper end, and 6–9 m at the lower, southern

Figure 11. Upper Hinton Creek Cave, Collingsworth County, Texas,
showing floor plan and profiles (after Elliott and Veni, 1994).
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end. The entrance to Lower Hinton Creek Cave is located just
30 m south of the entrance to Upper Hinton Creek Cave, but
the lower cave has not been mapped, except for the first 200
m that lead to a pool that is floored with knee-deep mud.

Western Oklahoma Caves—Blaine Formation
The Blaine Formation is well exposed in the Hollis Basin,
in the southwest corner of Oklahoma, and on the south and
north flanks of the Anadarko Basin farther to the north (Fig.
2). The southwest-Oklahoma district of Blaine outcrops
includes those in the Hollis Basin (Harmon, Jackson, and
Greer counties) and on the south flank of the Anadarko Basin
(Beckham County and the Washita–Kiowa County line). Here,
the Blaine is typically 50–60 m thick, with several gypsum
beds that are 7–10 m thick (Fig. 3, C) (Scott and Ham, 1957;
Johnson, 1967, 1990a, 1990b). The northwest-Oklahoma district of Blaine outcrops follow the “Blaine Escarpment” from
Blaine County on the south to Harper and Woods counties on
the north; in this district, the Blaine is typically 30–40 m thick,
and gypsum beds are 6–10 m thick (Fig. 3, D) (Fay et al., 1962;
Fay, 1964, 1965).
Most of the investigations of gypsum caves in the Blaine
Formation in Oklahoma have been carried out by members
of the Central Oklahoma Grotto (COG), chiefly by members
John and Sue Bozeman of Oklahoma City. The major outlet
for their research is in 21 volumes of Oklahoma Underground,
which is the journal published intermittently by COG (see
“Listing of Oklahoma Underground Publications” on the
website: http://okcavers.com/). Good overviews of the gypsum caves of western Oklahoma are given by Bozeman and
Bozeman (2002) and Bozeman (2003). A total of 201 caves
have been reported in the Blaine of western Oklahoma (Table
2), with 49 in the southwest-Oklahoma district (Beckham,
Greer, and Harmon counties) and 152 in the northwest-Oklahoma district (Blaine, Major, Woods, and Woodward counties).
Below are descriptions of three of the major gypsum caves
in the Blaine Formation of Oklahoma; they are located in
Greer County, on the south, and Woodward County on the
north.
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D.C. Jester Cave
D.C. Jester Cave, located in the northwest part of Greer
County (Fig. 2), is the longest gypsum cave in the United
States: with a length of 10,065 m long, it is the eighth longest
gypsum cave in the world (Table 1). The following discussion
is based upon a comprehensive report on Jester Cave edited
by Bozeman (1987), and shorter reports on the geology of the
cave presented by Johnson (1989, 1990b). A cross section and
map of Jester Cave are given in figures 12 and 13.
Almost all parts of the main cave system are developed
in gypsum bed 1 of the Van Vacter Member of the Blaine
Formation (Figs. 3, 12), which is almost 5 m thick in the area.
Much of the cave system consists of angulate passages, with
sharp bends and intermediate straight sections. Portions of
the cave are sinuous, with broad sweeping curves and few
straight stretches. Although the cross section of passages is
variable, most of the cave has elliptical passages (Fig. 4E).
The main passage typically is 6–15 m wide and 1.5–6 m high;
side passages typically are 1.5–3 m wide and 0.6–3 m high
(Bozeman, 1987). A cursory examination of the alignment of
various segments of Jester Cave suggests the cave’s flow may
be controlled by several sets of joints or fractures; the main
segments are oriented between N10ºW and N30ºW, with other
cave segments oriented N60ºE, N30ºE, and N60ºW. Karst development in the area has been extensive, and there are more
than 70 separate known entrances to Jester Cave.
Alabaster Caverns
Alabaster Caverns State Park is
home to the best
known cave in
Oklahoma (Fig. 2).
The cave became
part of the twelfth
Oklahoma State
Park in 1953, and
daily guided tours
are available (for
a fee) every hour
from 9 am to 4
pm. The park is
located 10 km
south of Free-

Figure 12. Jester Cave, Greer County, Oklahoma. Schematic cross section shows that cave is
developed in gypsum bed 1 of the Van Vacter Member of the Blaine Formation (after Bozeman,
1987; Johnson, 1990b).

Figure 13. Jester Cave, Greer County,
Oklahoma. Simplified map shows surveyed
passages and entrances (after Bozeman,
1987; Johnson, 1990b).
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dom, in Woodward County, and embraces about 80 ha (about
200 acres) of fairly rugged land containing karst features
such as caves, sinkholes, disappearing streams, springs, and
(at one time) a natural bridge. The cave itself is 1,873 m long,
and is the 60th longest gypsum cave in the world (Table 1).
The following description is based upon a comprehensive
study by Myers et al. (1969) of the geology, history, and bats
of Alabaster Caverns, and a condensation of that report by
Johnson (2011). Additional study by the Central Oklahoma
Grotto (1985) provides information on Alabaster Cavern and
the several other caves present on the park grounds.
Alabaster Cavern is almost wholly developed within the
Medicine Lodge Gypsum (Figs. 3, 14). The cave has a maximum width of 18 m and a maximum height of 15 m. Although the map presented here (Fig. 14) shows only the main
passage, there are many branches from the main chamber. All
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the branches that can be humanly entered have been mapped
and thoroughly explored by members of the COG, and are
shown on the more-detailed map of the Alabaster Cavern
System presented in their publication (Central Oklahoma
Grotto, 1985). The main passage of Alabaster Cavern consists
of three main sections, each of nearly equal length (Fig. 14):
1) a collapse section near the entrance, 2) a middle section
with domes in the roof, and 3) a channel section at the end.
In the collapse section, the cavern floor is a mass of gypsum,
shale, and selenite boulders that have fallen from the roof. In
the Rotunda, the first and largest room, the roof is the base
of the Nescatunga Gypsum, and the floor is in the Flowerpot
Shale. Thus, the entire Medicine Lodge Gypsum has been
dissolved, and parts of the underlying and overlying shales are
also eroded. The middle section is characterized by a ceiling
with many domes. The land surface above the dome section
contains a cluster of sinkholes through which rain
water has descended into underlying gypsum and
shale beds. The channel section shows how the
abrasive action of the underground stream has
helped form the cavern; here the roof, walls, and
floor of the gypsum cave are smooth and wellpolished.

Figure 14. Alabaster Caverns map (top) and cross section (bottom), Woodward
County, Oklahoma (Myers et al., 1969). The main cave is developed in the thick
Medicine Lodge Gypsum Bed of the Blaine Formation. On the map, note that north is
oriented toward the bottom.

Selman Cave, Woodward County
The Selman Cave System is unique among
the gypsum caves of north Texas and western
Oklahoma, inasmuch as it has been established
as an outdoor living laboratory and field station.
In 1998, Mrs. Betty Selman sold the cave system
to the University of Central Oklahoma (UCO),
and she then donated to UCO about 130 ha (325
acres) of land, an access road, several other caves,
and 1.6 ha (4 acres) for astronomy facilities. The
UCO Selman Living Laboratory (SLL), located 16
km southwest of Freedom in northwest Woodward County (Fig. 2), has been used for classes
and research on ecology, mammalogy, ornithology, plant taxonomy, freshwater biology, entomology, mycology, and herpetology.
An excellent compilation of information about
the Selman Cave System has been edited by Bozeman (2002), and most of the following information is from that report. Cave development
is nearly restricted to the Medicine Lodge and
Nescatunga Gypsum beds, and the intervening
shale (Fig. 3). The main trunk consists of wide,
high passages that are floored with a meandering
stream. The cave contains a breakdown boulder room 18 m tall, and several domes up to 12
m high, along with a number of passages that
require stooping or crawling. There are more than
25 separate entrances to the cave system. The
cave map prepared by the COG is too detailed to
present here, but the reader is referred to the fine,
two-page spread of the map presented in Bozeman (2002).
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Western Oklahoma Caves—Cloud Chief
Formation
The Cloud Chief Gypsum is well exposed and contains
significant karst features and caves in the eastern part of the
Anadarko Basin, in Washita, Custer, and Caddo counties (Fig.
2). The gypsum is typically 5–30 m thick in this district, and
locally reaches a thickness of 36 m. It is eroded to the north,
east, and south, and it grades westward into shales and sandstones of the Cloud Chief Formation. A study of the general
character and thickness of the Cloud Chief Formation where
it is thickest is given by Ham and Curtis (1958), and further
studies in the area are presented by Fay and Hart (1978). Good
summaries of caves in the Cloud Chief Gypsum are presented
in Bozeman and Bozeman (2002) and Bozeman (2003). In addition, maps and descriptions of many Cloud Chief Gypsum
caves are presented by members of the COG, chiefly John and
Sue Bozeman of Oklahoma City. Their research is published
mainly in 21 volumes of Oklahoma Underground (see “Listing of
Oklahoma Underground Publications” on the website: http://
okcavers.com/).
Gypsum in the Cloud Chief has a somewhat soft and chalky
character, and this results in development of highly segmented
caves that normally are less than one kilometer long (Bozeman
and Bozeman, 2002). Cave passages typically are highly linear
to somewhat dendritic, and they retain evidence of their phreatic period of dissolution. The caves typically are narrow, with
passages only 1–2 m wide and with vadose floor channels.
Ceiling heights commonly range from 0.5–3 m, but where passages converge the widths and ceiling heights are greater (Bozeman and Bozeman, 2002). Speleothems and secondary sulfate
minerals are rare, partly due to the regular flooding of the cave
passages. There are 47 known caves in the Cloud Chief Gypsum, and 41 of them are in Washita County (Table 2).
Below is a description of one cave in the Cloud Chief Gypsum that is fairly representative of others in the district.
Gyp Falls Cave, Washita County
Gyp Falls Cave, located in northeast Washita County (Figs.
2, 15), is part of a cave system that also includes Chamberpot, Dirt, and Gun Barrel caves (Bozeman et al., 1979). All
four caves apparently were once a single cave, but were later
separated by roof collapse and truncation by surface drainage.
Locally, the Cloud Chief Gypsum is about 20 m thick, and the
caves are formed in the upper 12 m of the gypsum. Gyp Falls
Cave occurs in the Gyp Creek drainage basin, and on both
sides of the creek there are numerous sinks.
Multiple levels of passages characterize Gyp Falls Cave
(Bozeman et al., 1979). Early drainage apparently was stream

Figure 15. Gyp Falls Cave, Washita County, Oklahoma, showing
floor plan and profiles (after Bozeman et al., 1979).
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flow, but as the stream eroded its bed it encountered joints
which were enlarged by dissolution; these joints then diverted
some of the stream flow into the subsurface. Dissolution and
mechanical erosion of the gypsum enlarged the subterranean
channels until surface flow was entirely abandoned. These
upper passages have since been abandoned, because they
intersect with other large joints or fractures that have interrupted and captured the subterranean waters. The Alimentary
Canal (Fig. 15) is an excellent example of a dry and abandoned
passage formed along the base of a fracture.

Conclusion
A large number of caves are present in the Blaine and
Cloud Chief formations of north Texas and western Oklahoma. Outcrops of the Blaine Formation consist of 30–140
m of interbedded dolomite, gypsum, and shale, and the gypsum beds are locally more than 10 m thick. The Cloud Chief
Formation contains a massive gypsum bed up to 36 m thick.
Karst features, such as caves, sinkholes, springs, and disappearing streams are well developed in both of the gypsum
formations. Early dissolution of gypsum commonly occurs
along fractures and bedding planes; these openings are further
widened through dissolution by flowing water and through
abrasion by sand, gravel, and other materials carried in the
water. The dissolution of salt (halite) beds within and below
the Blaine Formation further enhances karst development by
causing collapse structures that fracture and disrupt the nearly
horizontal gypsum beds. Thanks to research by members of
the Texas Speleological Survey and the Central Oklahoma
Grotto, a total of 370 caves have been recorded, so far, and
they include 20 of the longest gypsum caves in the world—all
of the long caves are in the Blaine Formation.
The evaporite karst of north Texas and western Oklahoma
does not show clear evidence of hypogene processes; however, there also is no unequivocal evidence that hypogene
processes have not been at least partially involved in the speleogenesis of the region. Widespread collapse structures are
likely the result of shallow, epigene processes, but they could
also result from hypogene voids stoping upwards toward the
surface. Saline springs with endemic fauna attest the longterm existence of artesian systems, which may be coupled
with deep-seated processes. Most caves show a dominance
of epigene morphologic features, but maze-like patterns and
abundant domal structures in some caves hint that hypogene
processes may have been part of the early-phase speleogenetic
development of at least some caves in the region. Although
the evaporite karst of north Texas and western Oklahoma has
been well documented—with respect to distribution and mapping of the caves—additional research is needed to specifically address the speleogenetic evolution of the area, as this
is poorly understood. In summary, as with many of the karst
regions of Texas, more detailed studies on karst evolution
need to be conducted in north Texas and western Oklahoma.
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