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PREFACE

In 1998, the National Cave and Karst Research Institute (NCKRI) was established by a U.S. Congressional man-
date to facilitate and support collaborative cave and karst research, stewardship, education, and data consolidation.
This publication marks the beginning of a new publication series, NCKRI Symposium, collections of peer-
reviewed manuscripts focused on a common theme in cave and karst science.

In 2007, NCKRI published Hypogene Speleogenesis: Hydrogeological and Morphometric Perspective by Alexan-
der B. Klimchouk. In 2008, NCKRI and the Edwards Aquifer Authority sponsored a topical session entitled
“Hypogenic Karst: Shedding light on once poorly understood hydrologic and morphologic features” at the Geo-
logical Society of America annual meeting in Houston, Texas. This publication evolved out of that topical session.
It highlights recent advances in hypogene cave and karst science, including some widely discussed and debated
issues.

While speleogenesis has been viewed traditionally from an epigenic perspective, where subsurface processes are
directly coupled with surface processes, research on hypogene karst is shedding light upon the importance of fluid
interactions in confined and semi-confined hydrogeologic regimes. For several decades, hypogene karst has been
associated with special fluid properties, such as thermal and sulfuric acid-rich waters, or associated with highly
soluble evaporite rocks. Current studies show hypogene speleogenesis is not limited to special conditions of fluid
and rock chemistry, but includes a broad range of intrastratal processes which are not directly coupled to surface
processes. We are now beginning to recognize the importance of hypogene processes in a much broader sense,
which this publication demonstrates.

Throughout this publication, examples of hypogene processes demonstrate the variability and breadth of hypogene
cave and karst systems with respect to speleogenetic evolution. The first section focuses on general theories of
hypogene speleogenesis. The second section provides detailed studies of hypogene processes at specific sites, ei-
ther individual caves or limited areas. The third section investigates hypogene processes from a broader perspec-
tive and regional-scale. The final section discusses the relationship between natural resources and hypogene proc-
esses.
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PRINCIPAL CHARACTERISTICS
OF HYPOGENE SPELEOGENESIS

Alexander B. Klimchouk

Ukrainian Institute of Speleology and Karstology, Tavrichesky
National University, 4 Prospect Vernadskogo, Simferopol,
95007, Ukraine, klim@speleogenesis.info

Abstract

Hypogenic and epigenic karst systems are regularly
associated with different types, patterns and segments
of flow systems, which are characterized by distinct
hydrokinetic, chemical and thermal conditions.
Epigenic karst systems, which had long been the focus
of most karst/speleogenetic research, are predomi-
nantly local systems receiving recharge from the
overlying or immediately adjacent surface. Hypogenic
karst is associated with discharge regimes of regional
or intermediate flow systems dominated by upward
flow, although mixing with local systems is com-
monly involved. Hypogenic speleogenesis tends to
operate over long time spans, continuously or inter-
mittently. Its main characteristic is the lack of genetic
relationship with groundwater recharge from the
overlying or immediately adjacent surface. Hypogenic
karst may not be expressed at the surface and is
largely climate-independent.

Hypogenic speleogenesis involves the formation of
solution-enlarged permeability structures by waters
ascending through a cave-forming zone from below
under leaky confined conditions. Vertical hydraulic
communication across lithological boundaries and
different porosity systems allows deeper groundwaters
in regional or intermediate flow systems to interact
with shallower and more local systems supporting
various dissolution mechanisms. There is a specific
hydrogeologic mechanism inherent in hypogenic
transverse speleogenesis (restricted input/output),
which slackens the positive flow-dissolution feedback
and speleogenetic competition in initial flowpath
networks characteristic of epigenic systems This
mechanism accounts for the more uniform and perva-
sive conduit development typical of hypogene karst.

Hypogenic caves are identified in various geological
and tectonic settings, being formed by different
dissolutional mechanisms operating in various litholo-
gies. Despite these variations, resultant caves demon-
strate remarkable similarity in patterns and meso-
morphology, strongly suggesting that the type of flow
system is the primary control. Hypogenic caves
commonly demonstrate a characteristic suite of cave
morphologies resulting from rising flow across the
cave-forming zone, with distinct buoyancy dissolution

components. Cave patterns in hypogenic speleogene-
sis are guided by the initial permeability structure, its
vertical heterogeneities (discordance in the permeabil-
ity structure between adjacent beds) and the mode of
water input to, and output from, the cave-forming
zone. The latter again depends on relationships
between permeability structures in the cave-forming
zone and formations that lie below and above.
Because of its "transversal" nature, hypogenic speleo-
genesis has a clustered distribution in plan view
although clusters may merge and extend through large
areas.

Recognition of the wide occurrence, importance and
specific characteristics of hypogenic speleogenesis
represents a major paradigm shift in karst science that
answers many questions not satisfactorily addressed
previously.

Principal environments for speleogenesis
and karst development

Three basic genetic settings are broadly recognized
now for dissolution caves (Klimchouk et al., 2000;
Gunn, 2004; Ford, 2006; Ford and Williams, 2007;
Palmer 2007): 1) syngenetic/eogenetic (coastal and
oceanic), which occurs in young rocks with high
matrix porosity and permeability where caves are
formed in the zone of mixing of marine and meteoric
water; 2) hypogenic, predominantly confined (semi-
confined), which occurs when water enters a soluble
formation from below, and 3) hypergenic (epigenic),
which occurs under unconfined conditions, where
water is recharged from the overlying surface. The
order of how these categories are listed above broadly
correlates to their normal evolutionary sequence from
the perspective of the geological, diagenetic and
hydrogeologic evolution of a bedrock formation
(Klimchouk and Ford, 2000). This creates potential
for some inheritance of solution permeability struc-
tures from the earlier stages to the later ones. Synge-
netic/eogenetic speleogenesis in coastal and oceanic
settings, although also created by unconfined circula-
tion (thus falling into the realm of epigenic karst in the
hydrogeological sense), results in distinct porosity
patterns because of the specific conditions determined
by the dissolution of porous, poorly indurated carbon-
ates by mixing of waters of contrasting chemistry at
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the halocline. This is why it is commonly distin-
guished as a separate category.

Epigenic karst systems have historically been the
focus of karst research. Most concepts and models
explaining karst porosity invoke epigenic settings with
descending and lateral (phreatic zone) groundwater
circulation; they dominate the current karst paradigm.
Epigenic karst systems are predominantly local
systems or parts of recharge segments of intermediate
and regional systems, receiving recharge from the
overlying or immediately adjacent surface. Aggres-
siveness of water with regard to carbonate rocks is
mainly acquired in the soil zone. In terms of hydro-
geology, epigenic systems are largely unconfined.
Flow and cave development in epigenic settings are
predominantly lateral, from a recharge boundary to an
outlet (Figure 1A), although considerable vertical
components may exist where a thick vadose zone is
present due to great local relief such as in high moun-
tains. Epigenic speleogenesis is directly related to the
contemporary surface topography and commonly
results in hierarchical dendritic conduit systems, a
pattern which never develops in hypogene settings.

The idea that some caves could form at depth by
rising thermal waters had been introduced in the mid-
19th century (e.g. Desnoyers, 1845; see also Bosak,
2000). However, the concept was established only
during the second half of the 20th century with regard
to hydrothermal karst. The term and concept of
hypogenic speleogenesis has seen increasing use
during the past two decades, although limited to
dissolution mechanisms peculiar to cooling thermal
waters and waters containing hydrogen sulfide (Ford
and Williams, 1989; Palmer, 1991; Hill, 2000). The
current burst of interest in hypogene speleogenesis is
driven by 1) the establishment of a hydrogeological
rather than a geochemical approach to its definition,
which highlights the common hydrogeological genetic
background and similarity of caves previously seen as
unrelated, thus broadening the family of hypogenic
caves; 2) the appearance of many detailed regional
studies, which demonstrated that hypogene speleo-

genesis is much more common in nature than previ-
ously thought; and 3) rapidly growing recognition of
the great scientific and practical significance of
hypogene speleogenesis (Klimchouk, 2007).

Hypogenic karst is associated with discharge regimes
of regional or intermediate flow systems dominated by
upward flow, although mixing with local systems is
commonly involved. Hypogene speleogenesis is the
formation of solution-enlarged permeability structures
by waters ascending through a cave-forming zone
from below, driven by hydrostatic pressure or other
sources of energy, independent of recharge from the
overlying or immediately adjacent surface (Ford,
2006; Klimchouk, 2007). This definition, in contrast
to previous views of hypogenic speleogenesis as a
specifically geochemical phenomenon, is largely
hydrogeological: it refers to the source of fluid re-
charge to the cave-forming zone, and to the type of
flow system. The term “hypogenic” here does not
necessarily mean the occurrence at great depth but,
rather, refers to the origin of the cave-forming fluids
from depth. The hydrogeological approach to the
definition of hypogene speleogenesis places hy-
pogenic karst in the systematized context and hierar-
chical structure of regional groundwater flow (sensu
Toth, 1999) and highlights the powerful role of
speleogenesis in the organization of regional flow
systems, a consequence of its unique capacity to
dramatically alter the primary porosity and permeabil-
ity of soluble formations.

Hypogene speleogenesis occurs in various geological
and tectonic settings, at different depths (ranging from
a few tens of meters to several kilometers), due to
different dissolutional mechanisms operating in
various lithologies. Thus, hypogene speleogenesis is
not a single physical or chemical process but rather is
a multitude of processes, or a complex geological
process. The unifying factor is the type of flow system
where water rises across a sedimentary sequence that
includes soluble rocks. Because of the inherent
vertical heterogeneity of sedimentary sequences, an
upwelling flow system implies a certain degree of
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Figure 1. Conceptual representation of epigene (A) versus hypogene (B) speleogenesis.
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hydrogeological confinement. Vertical hydraulic
communication across lithological boundaries and
different porosity systems allows deeper groundwaters
in regional or intermediate flow systems to interact
with shallower and more local systems, supporting
multiple dissolution mechanisms that differ in their
physical and chemical parameters.

Where hypogenic caves are shifted to the shallower,
unconfined situation due to uplift and denudation but
continue receiving upwelling recharge from deep
systems, this would still be classified as hypogenic
development, although unconfined. Unconfined
hypogene development can be considered as the
extinction stage of hypogene speleogenesis.

Transverse nature of hypogene
speleogenesis and the role of vertical
heterogeneities

In a stratified sedimentary succession (multi-aquifer
system), soluble units are commonly vertically conter-
minous with non-soluble or less soluble units of
initially higher permeability. Due to their low matrix
permeability, indurated soluble rocks often serve as
separating beds (aquitards) prior to speleogenesis and
during its early stage. Flow and speleogenesis is
predominantly vertical (transverse; Figure 1B),
although considerable lateral components can develop
within more transmissible beds. Hypogenic caves
evolve to facilitate cross-formational hydraulic com-
munication across initially less pervious soluble beds.
The overall result is the switching of the hydrostrati-
graphic function of the soluble unit from a separating
aquitard to an aquifer that can be more prominent than
the adjoining non-soluble aquifer units.

In hypogenic transverse speleogenesis, input and
output of water to/from the cave-forming zone occurs
through underlying and overlying insoluble or less
soluble formations and is determined by the conduc-
tivity of the least permeable member. Thus there is an
external conservative hydraulic control on the amount
of flow through the evolving conduits. When conduits
have evolved (i.e. after kinetic breakthrough), the flow
across the cave-forming unit is limited not by the
hydraulic resistance of the conduit system but by the
permeability of the least permeable member and by
the boundary conditions of the flow system. This
suppresses the positive flow-dissolution feedback and
speleogenetic competition, the main mechanism
acting in unconfined (epigenic) speleogenesis, and
promotes more pervasive enlargement of initial
permeability structures. Conditions and manifestations
of this effect depend on different variables that have
been studied by numerical modeling of speleogenesis

in a gypsum bed under artesian hypogenic settings
(Birk, 2002; Birk et al., 2003, 2005; Rehl et al., 2008,
2009). In hydrothermal speleogenesis, in carbonates
there is another specific flow-temperature controlled
mechanism that suppresses speleogenetic competition,
caused by the thermal coupling between the fluid and
rock (Andre and Rajaram, 2005).

Forced-flow regimes in confined settings commonly
have very low velocities, and water with lesser density
enters the cave-forming zone from below. This creates
buoyancy driven flow patterns powered by either
solute or thermal density gradients. Various morpho-
logical effects of free convection are recognized in
hypogenic caves, among which upward-pointed
dissolution morphs are most common (Klimchouk,
1997; 2000a, 2007). Speleogenesis at the base of the
soluble unit due to buoyancy dissolution may operate
even without forced hydraulic communication across
the unit. More common, however, are mixed convec-
tion systems, where buoyancy dissolution effects are
particularly pronounced during the mature stage of
speleogenesis when vertical hydraulic gradients across
the cave-forming zone diminish.

Vertical heterogeneity in a sedimentary sequence is
normally greater than lateral heterogeneity within
individual units. This holds true not only with regard
to distinctly different lithologies, but within overall
relatively uniform lithological divisions, such as
bedded carbonate or gypsum formations. Geological
variations in individual lithological units such as
diagenetic processes, grain size, mineralogy, texture,
structure and porosity determine hydrogeological
properties of the matrix. Through their control over
rock mechanical properties, these variations influence
the structure and distribution of fracture networks in
3D space, confining them to certain horizons
(mechanical units; Cooke et al., 2006). Therefore the
distribution of the permeability structures of pore,
fracture and mixed types relates to lithostratigraphy
and so does the flow architecture. Studies that exem-
plify this are abundant in the modern hydrogeological
and sedimentological literature; see Budd and Vacher
(2004) for stratigraphic heterogeneity in pore type
aquifers and Cooke et al. (2006) for stratigraphic
heterogeneity in fracture type aquifers.

One or more lithostratigraphic units may comprise a
distinct permeability structure (a hydrostratigraphic
unit, or hydrofacies sensu Eaton, 2006) which is
relatively independent of other units. Contrasts and
discordance between permeability structures of
different hydrostratigraphic units are common so that
vertical hydraulic connection between them is varied
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Figure 2. Some variants of hydrogeological settings of hypogene transverse speleogenesis (A) and their translation
into cave patterns (B). See text for explanations.

and often limited even if units of relatively high lateral original (pre-speleogenetic) porosity in different
bulk permeability are immediately adjoining hydrostratigraphic units: pores, touching-vug porosity,
(hydrostratigraphic interface). Leakage through the bedding planes and fractures. Limited vertical connec-
hydrostratigraphic interface occurs via a limited tivity across the sequence caused by hydrostrati-
number of points where permeability features of graphic interfaces and barriers redirects overall
adjacent units vertically intersect (Figure 2, A3). upwelling flow along relatively high permeability
Between units of higher bulk permeability, horizons units, adding considerable lateral components to flow
of contrastingly lower bulk permeability often inter- architecture. The resultant structure of the flow
vene, comprising vertical permeability barriers. Such domain in leaky confined systems can be remarkably
barriers can be variously breached by cross-cut complex, especially where the original stratigraphic
permeability features (e.g. prominent joints and structure is deformed and complicated by cross-
faults). Thus, systematic heterogeneities in vertical cutting permeability components such as faults.
conductivity are the inherent condition of transverse Adding to the complexity are zones of preferential
flow and hypogene speleogenesis. recharge at depth that are often laterally shifted with
regard to zones where the entire flow system dis-
Ascending transverse flow across such vertically charges to the surface. Speleogenetic development of
heterogeneous sequences utilizes various kinds of the initial porosity structures occurs in certain seg-
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ments of the flow domain (cave-forming units),
depending on the interplay of hydraulic, thermobaric
and geochemical factors, all varying in the course of
hydrogeological and speleogenetic evolution.

The complexity described above is reflected in the
multiplicity of elementary cave patterns that occur in
hypogenic settings. Figure 2 illustrates some relatively
simple variants of hydrostratigraphic and structural
settings of hypogene speleogenesis and how these
translate into conduit patterns. Case 1 depicts a
soluble bed in which fractures span its entire thickness
but the fracture network is highly discontinuous (unit
4). Isolated passages or chambers and small clusters of
passages develop in this bed due to transverse speleo-
genesis. Case 2 shows the same lithostratigraphic
framework but fractures in the soluble bed are later-
ally well connected. This favors a lateral flow compo-
nent to develop through the fracture network and may
result in the formation of a single-story network maze.
In case 3, continuous largely independent fracture
networks are encased in two distinct horizons in the
overall uniform lithostratigraphic unit, dividing it into
two hydrostratigraphic units with a leaky interface in-
between. The resultant cave pattern is a two-story
network maze. In the overlying unit with predomi-
nantly diffuse porosity and permeability, cavernous
zones may develop above outflow features of the cave
systems (around occasional fractures or other flow-
conducting structures that disrupt this unit).

The diagrams in Figure 2 are generic and elastic; they
can be stretched vertically and further hydrostrati-
graphic and structural heterogeneity can be added.
Complex 3D cave patterns, such as multi-story mazes
in the Black Hills, South Dakota, USA and in the
Western Ukraine, or still more vertically extended
structures in variably deformed settings, comprised of
large chambers, stratigraphically-conformable or
disconformable clusters of network or spongework
mazes at different levels, and sub-vertical conduits
and other morphs connecting them, such as caves in
the Guadalupe Mountains, New Mexico, USA and
caves in Central Italy illustrate well the role of vertical
heterogeneities in determining cave patterns.

Modeling of hypogene speleogenesis
During the recent two decades, the modeling approach
in speleogenetic studies has greatly advanced our
understanding of the development and evolution of
solution porosity (see Dreybrodt et al. 2005 for a
comprehensive overview). However, the great major-
ity of numerical models imply that conduit develop-
ment is based on lateral flow along fractures from a
recharge boundary at the surface to an outlet, i.e.

essentially unconfined epigene settings. These models
demonstrated that early cave genesis is governed by a
positive-feedback mechanism involving the mutual
enhancement of flow rate and solutional conduit
enlargement. Modeling of speleogenesis in hypogene
settings is still at its beginning, although several works
attempted so far have been useful to gain a more
detailed insight into the mechanisms of hypogene
speleogenesis and demonstrate important differences
between epigene and hypogene speleogenesis. In
particular, they confirmed an assumption of the early
conceptual models that the selectivity in conduit
development in hypogenic settings is suppressed
under certain conditions.

Andre and Rajaram (2005) investigated dissolution of
transverse conduits in hypogenic karst systems by
rising thermal waters, using a coupled numerical
model of fluid flow, heat transfer, and reactive trans-
port. The key dissolution mechanism considered was
the increased solubility of calcite along a cooling flow
path. The physical domain of the model was a 500-m
long fracture, with initial aperture of 0.05 mm and
upward fluid flow at constant gradient. They found
that during the very early stages of fracture growth,
there is positive feedback between flow, heat transfer
and dissolution. The period of relatively slow growth
is followed by a short, abrupt period of rapid growth
("maturation" of Andre and Rajaram, an analogue to
the "breakthrough" in the modeled development of
early epigenic speleogenesis). However, soon after
maturation, thermal coupling between the fluid and
rock leads to negative feedback and a decrease in
thermal gradient, especially near the entrance, result-
ing in shifting the growth area farther up into the
fracture and in reduction of the overall fracture growth
rate. They suggest that this suppresses the selectivity
in conduit development in complex flow systems and
allows alternative flow paths in a fracture network to
develop, thus resulting in mazelike patterns.

Several modeling studies have been performed to
investigate hypogene speleogenesis under artesian
conditions, based on settings in which conduit devel-
opment is driven by cross-formational flow between
aquifers across a heterogeneous soluble formation
beneath topographical lows, where the vertical hy-
draulic gradient is maximized. As these settings are
typified by the gypsum karst of the Western Ukraine,
dissolution of gypsum was the key dissolution mecha-
nism considered. Birk et al. (2003, 2005) translated
the conceptual model of transverse speleogenesis in
confined settings into generic numerical model
scenarios. The model combines a coupled continuum-
pipe flow model, representing both diffuse-flow and

Advances in Hypogene Karst Studies NCKRI Symposium 1 5



conduit-flow components of karst aquifers, with a
dissolution-transport model calculating dissolution
rates and corresponding widening of karst conduits.
These studies revealed, in particular, that maze cave
development is favored by the presence of systematic
heterogeneities in vertical conductivity of a fracture
network. In addition to structural preferences, the
variation of boundary conditions in time, e.g. increas-
ing hydraulic gradient across the soluble unit due to
river incision into the upper confining bed, further
influences the development of maze patterns.

More site-related models that are closer to the actual
settings found in the Western Ukraine were consid-
ered by Rehrl et al. (2008, 2009). These models
included various characteristic features concerning
hydraulic boundary conditions as well as hydraulic
properties of both aquifers and soluble units to investi-
gate how they control the geometry of cave patterns.
The models demonstrated effects of the spatial exten-
sion of discharge areas, the hydraulic conductivity of
the rock units, the chemical saturation of water and
the variability of initial apertures of proto-conduits on
evolving cave patterns. The model scenarios with
reduced hydraulic conductivities of all units in the
system suggest that permeability of the entire rock
formation is a crucial factor that controls the fre-
quency distribution of conduit diameters in hypogene
speleogenesis. If permeabilities are sufficiently low,
the aperture distribution will be characterized by a
smooth transition from nearly undeveloped, narrow
protoconduits to well-developed, large-diameter
conduits. The aperture variability is determining the
temporal development of cave patterns and generally
decelerates the karstification process, but appears to
be of minor relevance regarding the general structure
and geometric properties of evolving cave patterns.
With an increasing degree of heterogeneity the num-
ber of conduits developed after a given time period
decreases. In the long-term, however, differences in
initial heterogeneity appear to be overridden and
conduit systems approach similar patterns (Rehrl et al.
(2008, 2009).

The numerical models realized so far simulate only a
few of a number of settings characteristic for hy-
pogene speleogenesis. Even for these settings, the
models are still highly simplified. For instance, the
type of vertical heterogeneity caused by the discor-
dance of fracture networks between different units of
the soluble bed have been mimicked using different
frequencies of vertical protoconduits in different
horizons of the two dimensional model. Thus future
work will have to develop more complex models, e.g.,
three-dimensional models explicitly representing the
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observed 3D fracture networks. In addition, more
advanced models should be developed to address the
effects of density driven flow (free convection), which
is of tremendous importance in hypogenic speleogene-
sis. It is generally assumed so far that these effects are
particularly important at the late stage of speleogene-
sis when conduit apertures are substantial and hydrau-
lic gradients are low. However, some recent studies
demonstrate the pronounced role of buoyancy in
rather small aperture fractures (Dijk and Berkowitz,
2000, 2002).

Solution porosity patterns produced by
hypogene speleogenesis

Cave patterns in hypogenic speleogenesis are the
result of a complex interplay of structural, hydraulic
and geochemical conditions, all varying in the course
of geological evolution. Patterns are strongly guided
by vertical heterogeneity in the initial permeability
structures of a sedimentary sequence, spatial distribu-
tion of these structures within cave-forming and
adjacent units, mode of water input to, and output
from, cave-forming units and the overall recharge-
discharge configuration in the system. Modes of
recharge and discharge, again, depend on relationships
between permeability structures within cave-forming
units and units that lie below and above. The presence
of cross-cutting permeability features, such as faults,
can exert a strong effect over cave patterns. Geo-
chemical interaction of flow components guided by
transverse and lateral permeability pathways deter-
mines zones of pronounced speleogenetic develop-
ment and influences resultant patterns. General
evolution factors such as regional tectonic and geo-
morphic development that change flow architecture
and conditions, as well as timing of speleogenesis,
also affect cave patterns forming in hypogenic set-
tings. In contrast to epigene settings where initial
effective permeability structures are exploited by
speleogenesis in a very selective manner, hypogenic
speleogenesis tends to exploit most of these perme-
ability structures within cave-forming zones.

In this paper, only a brief outline of the variety of
hypogenic cave patterns is given. For more extended
discussion the reader is referred to Palmer (1991,
1995, 2000, 2007), Ford and Williams (2007) and
Klimchouk (2000, 2007, 2008).

The following elementary cave patterns are typical for
hypogenic speleogenesis:

e Zones of cavernous porosity
e Network maze
e Spongework maze



Isolated passages or small clusters of passages
Irregular isolated chambers

Rising steeply-inclined passages or shafts
Collapse shafts over large hypogenic voids

Laterally extended (multiple-story) or vertically
extended composite 3D patterns are representative. It
is difficult to say whether these composite patterns are
the most common for hypogene speleogenesis or are
just most prominently represented amongst the
hypogene caves that have been explored, because
they are exemplified by many of the world's largest
cave systems. Among maze patterns, stratigraphically-
comformable rectilinear network mazes predominate,
often arranged in multiple (up to 5-6) storeys con-
nected via rising shafts or cross-cutting prominent rift-
like passages. Spongework mazes are less frequent.
Vertically extended 3D patterns comprise various
elementary patterns at different levels such as cham-
bers, clusters of network or spongework mazes, and
sub-vertical conduits and other morphs connecting
them. A variant of composite 3D patterns is distin-
guished as a ramiform (ramifying) pattern composed
of irregular rooms with various branches that extend
outward from a central area (Palmer, 1991, 2000).

Probably the most common cave structures for hy-
pogene speleogenesis are single isolated passages and
chambers, or small clusters of a few intersecting
passages. Also common, although less appreciated in
cave science traditionally focused on larger voids, are
zones of cavernous porosity. Such zones are often
clustered around transverse permeability features such
as prominent fractures, but are constrained to certain
lithostratigraphic units that favor diffuse lateral flow.
Such zones are apparently related to dissolution due to
mixing of deep and shallower flow components.

Large isolated chambers commonly occur at the
bottoms of cave-forming units. Their development is
typically associated with deep hydrothermal systems
or with dissolution of evaporites from below and
greatly promoted by free convection dissolution
effects. Rising, steeply-inclined passages or shafts are
outlets of deep hypogenic systems in which the "root"
structure remains unknown in most cases. Collapse
shafts (including breccia pipes or ‘geologic organs’,
and perhaps surface expression as sinkholes) often
occur over large hypogenic voids.

Because of its "transverse" nature, hypogene solution
porosity tends to have a clustered distribution in plan
view although clusters may merge and extend through
large areas. For instance, laterally extensive multi-
story maze caves such as in the Western Ukraine or

the Black Hills, or vertically extensive 3D structures
such as in the Guadalupe Mountains, are in fact
combinations of many clusters of passages represent-
ing relatively independent sub-systems of transverse
flow.

Meso-morphology of hypogenic caves
Hypogenic caves can be formed by a number of
dissolution mechanisms, occur in various geological
and structural conditions and may have different
patterns. Despite this variability, meso-morphological
features of hypogenic caves exhibit remarkable
similarity, generally indicating sluggish flow condi-
tions. Individual occurrences of some of these features
are also found in epigenic caves where they form in
phreatic or subaerial conditions. Specific for hypogene
speleogenesis, however, is that in hypogenic caves
they commonly occur in related suites where fluid
flow paths, including distinct density flow compo-
nents, can be visually traced from rising inlet conduits
and vents ("feeders", or "risers"), through transitional
wall and ceiling features (rising wall channels and
ceiling half-tubes), to outlet features (cupolas and
domepits). This particular combination has been
termed the morphologic suite of rising flow (MSRF)
and provides diagnostic evidence for hypogene
speleogenesis (Figure 3). An extensive discussion of
the morphology of hypogenic caves is provided by
Klimchouk (2007, 2008).

On Figure 3, the geometry of a cave segment, the
relative scale of features and hydrostratigraphy is
directly representative for Ozerna Cave in Western
Ukraine, the second greatest gypsum maze cave in the
world, but this regular combination of forms is found
in hundreds of hypogenic caves across the globe.
Similar to Figure 2, this diagram is also generic and
elastic; it can be stretched vertically, and a complexity
can be added to account for multiple stories. The
arrangement of the forms will repeat itself on each
story, and functional relationships between the forms
will remain the same. Hypogene caves may consist of
a few elementary segments like this, or combine
hundreds and thousands of them within a single
system.

Distribution of hypogene speleogenesis
Recent compilation and overview by Klimchouk
(2007) made it apparent that hypogenic speleogenesis
is much more widespread in nature than previously
thought. It has stimulated an intense re-evaluation of
the origin of many caves and previously accepted
regional paleohydrogeological and karstological
concepts according to the new understanding of
hypogene speleogenesis and methodology of its
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identification, as illustrated by many recent publica-
tions, including this volume. These new data and
efforts will allow refining and further developing
criteria for identification of hypogene speleogenesis.

Criteria to identify

hypogene speleogenesis

In identifying hypogenic caves, the following ap-
proaches and criteria are used in combination (see
Klimchouk, 2007 for details):

1. Regional paleo-hydrogeological analysis,
regional and local hydrostratigraphy,

2. Morphogenetic analysis of caves: patterns

and meso-morphology in relation to

hydrostratigraphy,

Cave sediments and minerals,

4. Geochemistry of the host rock from the per-
spective of geochemical alterations in the
course of hypogene speleogenesis.

(98]

Hypogenic karst and paleokarst

Within the conventional, predominantly epigenic,
karst paradigm, instances of deep-seated karst have
commonly been interpreted as paleo (epigenetic) karst
because the possibility of karstification in deep
environments without recharge from the immediately
overlying or adjacent surface has been neglected for a
long time.

Paleokarst is not a particular type of karst but is,
rather, a condition - fossilized. Features become
paleokarst as they get hydrologically decoupled from
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contemporary systems, in contrast to relict features
that exist within contemporary systems but are re-
moved from the environment in which they developed
(Ford & Williams 1989). True paleokarst is buried
karst, which is a complete infilling and burial of
epigenic (including coastal/oceanic) karst by later
rocks such as transgressive marine sediments. Paleo-
karst horizons are reliably recognized where they
underlie unambiguous stratigraphic unconformities
related to subaerial exposure.

With growing recognition of hypogenic speleogenesis,
it becomes increasingly obvious that in many cases
features previously interpreted as paleo (epigenetic)
karst (including coastal/oceanic karst) can be better
explained as active or relict hypogenic features.
Review of the international literature, especially
related to carbonate-hosted hydrocarbon reservoirs,
reveals that in many cases paleokarst had been doubt-
fully assumed based on its occurrence beneath distinct
formational contacts, and interpreted as evidence of
subaerial exposure through reciprocal reasoning of the
presence of paleokarst. Other common cases of
problematic paleokarst are stratiform breccia horizons,
which are often the ultimate result of hypogenic
speleogenesis, namely — collapsing of laterally exten-
sive stratigraphically-comformable maze caves.

Hypogene speleogenesis tends to operate over long
time spans, intermittently or being repeatedly sus-
pended and activated. Hypogenic features may be-
come relict but still remain within the contemporary
systems, e.g. in a system where original confinement
was breached and flow pattern reversed from upwell-



ing to descending. Hypogenic features are not paleo-
karst unless their evolution is completely halted by the
removal of the cave-forming unit from the geological
section (stratiform breccia horizons), complete sealing
by cementation (mineralization) or lithification of the
fill material, or by closure of the contemporary hydro-
geological cycle with a new marine transgression.
However, establishing the paleo-status of hypogenic
features and their distinction from eogenic and epi-
genic paleokarst requires additional discussion.

Many important hydrocarbon and mineral deposits are
karst-related. Better understanding of hypogene
speleogenesis is of paramount importance for their
proper genetic interpretation, which in turn is crucial
for the development of more adequate approaches to
prediction, prospecting and exploitation of these
resources.

Mineral deposits

The significance of fluid migration and groundwater
flow systems in the genesis of mineral deposits is now
well recognized (Sharp and Kyle, 1988). Proper flow
models are crucial for understanding ore genesis since
it is the appropriate conditions of the flow system that
allow particular geochemical processes to operate and
produce massive mineral accumulations. The emerg-
ing theory of hypogenic speleogenesis places hy-
pogenic karst in the systematized context and hierar-
chical structure of basinal groundwater flow, and
highlights the powerful role of speleogenesis in the
organization of regional flow systems, a consequence
of its unique capacity to dramatically alter primary
porosity and permeability of soluble formations. In
sequences containing soluble formations, it is hy-
pogenic speleogenesis that creates zones of enhanced
ascending cross-formational communication and
converges flow to them, a condition commonly seen
as most important for the flow-induced accumulation
of transported mineral matter and hydrocarbon migra-
tion.

Because of its transverse nature and ability to enhance
cross-formational communication, hypogene speleo-
genesis facilitates the interaction of waters of contrast-
ing chemistries and different geochemical environ-
ments. Thus, it often creates transitional environments
and geochemical thresholds and the necessary pattern
of migration of reactants and reaction products be-
tween them to produce mineral accumulations.

Hydrocarbon deposits

As with ore deposits, the role of hypogenic transverse
speleogenesis in converging flow and enhancing cross
-formational hydraulic communication between

stories in layered reservoirs can be demonstrated for
migration and concentration of hydrocarbons. The
difference with respect to ore formation is that entrap-
ment of hydrocarbons, and the formation of deposits,
is caused not by geochemical barriers but stratigraphic
and hydrodynamic barriers at overlying insoluble low
permeability units.

Many important deposits of hydrocarbons throughout
the world are associated with karstified formations.
An important issue in prospecting and exploration of
carbonate-hosted hydrocarbon deposits is the charac-
terization of karst porosity in production horizons.
This problem is presently approached almost exclu-
sively on the basis of general epigenic karst concepts,
taken in the context of paleokarst. The most popular
model is an island hydrology model implying speleo-
genesis at the fresh water/salt water mixing zone
beneath a limestone island. The concept of hypogenic
transverse speleogenesis opens new perspectives for
interpreting karst features in oil and gas fields and
suggests that many deposits previously thought to be
associated with paleokarst may be of hypogenic karst
origin. An instructive example of re-interpretation of
the karst origin in an oil field from the perspective of
hypogene speleogenesis is provided for the Yates oil
field in Texas by Stafford et al. (2008; see also Chap-
ter 5.3 in Klimchouk, 2007).

Synopsis

The list below is an attempt to summarize essential
features and roles of hypogene speleogenesis. In brief,
hypogene speleogenesis:

1. Operates mainly under confined (semi-confined)
conditions,

2. Involves various dissolution mechanisms at
transitional geochemical environments and
thresholds that commonly occur along cross-
formational flowpaths,

3. Creates solution porosity structures which are
quite distinct from those formed by epigenic
speleogenesis. They range from concordant
structures controlled by individual strata to
discordant cross-cutting structures within tens to
hundreds of meters of sedimentary sequences.
Combination of discordant and concordant
elements is common,

4. Has much wider distribution than previously
presumed,

5. Has no genetic relationship with groundwater
recharge from the overlying or immediately
adjacent surface, and may have no surface mani-
festation at all,

6. May operate during long time spans (millions to
hundreds of millions of years),
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7. Creates aerially extensive (although commonly
clustered) or localized zones of high vertical
permeability,

8. Serves to enhance cross-formational communica-
tion and to concentrate flow to such zones by
opening migration paths across soluble forma-
tions and overlying non-karstic aquitards,

9. Plays an important role in (re)organization of
regional flow systems.

The current burst of recognition of hypogene speleo-
genesis and its theoretical implications signifies an
ongoing shift from the predominantly epigenic,
largely geomorphological paradigm in karst science to
a more comprehensive geological paradigm, where
karst and speleogenesis are viewed from the perspec-
tive of the entire evolutionary history of a sedimentary
sequence containing soluble formations.
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Abstract

The term hypogenic cave, popularized in the cave
science community by Arthur Palmer in 1991 to
explain cave development de-coupled from surface
hydrology, was recently refined by Alexander Klim-
chouk to primarily mean the outcome of slow flow
resulting from confined karst aquifer conditions. A
key aspect of this argument is the existence of diag-
nostic bedrock dissolutional forms and morphologies
in caves: rising wall channels, ear-like or dome
orifices, point and rift floor infeeders, ceiling chan-
nels, cupolas, and thin bedrock partitions, among
others. The existence of such features in continental
epigenic caves is argued to represent inheritance from
an earlier confined stage, with an epigenic overprint.
However, is confined flow the essential condition to
produce these diagnostic dissolutional morphologies?

Because of the inheritance and overprinting argu-
ments, the dissolutional morphology question can only
be addressed by examining caves where confined or
mesogenetic conditions never existed, as on eogenetic
carbonate coasts and islands. These caves contain
suites of bedrock dissolutional morphologies remarka-
bly similar or identical to those reported to be solely
the result of confined or semi-confined flow, and
therefore these morphologies cannot be true diagnos-
tic indicators of confined conditions. The key factor in
developing these bedrock morphologies is slow flow,
as occurs in mixing dissolution in coastal carbonates.
In epigenic cave systems, stagnant ponding from
certain flood conditions also allows slow flow to
repeatedly participate in the bedrock dissolutional
processes, creating an overprint on epigenic dissolu-
tion, instead of the other way around as Klimchouk’s
hypogenic cave model postulates.

Introduction

Hypogenic caves have been part of a new frontier in
speleology for over two decades, particularly since the
publication of Arthur Palmer’s landmark paper,
“Origin and morphology of limestone caves”, placed
such caves in a continuum of dissolutional void
development in carbonate rocks (Palmer, 1991).
Klimchouk (2007 and references therein) expanded
the concept to include evaporite rocks, focusing on
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gypsum. Because hypogenic caves are decoupled from
direct surface hydrology, they create a class of caves
strongly influenced by explorational bias. Mylroie
(2003) reviewed the cave distribution data of Palmer
(1991) to demonstrate that the under representation of
hypogenic caves was a result of their isolation from
the surface environment. Klimchouk (2007) has also
emphasized this point. Of the five longest caves in the
world (http://www.caverbob.com/wlong.htm as of
January 19, 2009), four are hypogenic (Jewel, 225 km;
Optymistychna, 215 km; Wind, 209 km; and Lechu-
guilla, 201 km), yet two, Jewel Cave and Lechuguilla
Cave, have one known natural entrance, and Wind
Cave has only two. These observations indicate that
discovery and entry into extremely long relict hy-
pogenic caves is very fortuitous. The existence of the
three American examples in the dry western United
States also indicates that survival of these caves, and
the ability to enter them, may be contingent on cli-
mate. For many years following the 1980’s develop-
ment of the H,S hypogenic model surrounding the
Guadalupe Mountains, New Mexico caves (e.g. Hose
and Pisarowicz, 2000), and the various hypogenic
models for the Black Hills, South Dakota caves (e.g.
Bakalowicz et al., 1987), eastern U.S. cavers won-
dered why none of these spectacular and long caves
were in their region of the country. The consensus in
the American cave science community seemed to be
that in the humid environments of the eastern United
States epigenic caves and the large karst water fluxes
they generated had resulted in overprinting, segmenta-
tion, and infilling of relict hypogenic caves. This last
aspect is a key tenet of Klimchouk’s model of hy-
pogenic cave development: that many cave features
seen in epigenic caves today are inherited from an
earlier hypogenic phase (Klimchouk, 2007).

Klimchouk’s model of hypogenic cave development
(Klimchouk, 2007 and references therein) centers on
dissolution of carbonates and evaporites in confined or
semi-confined settings. The full model is dealt with
elsewhere in this volume, and will not be extensively
reviewed in this paper. Both confined and semi-
confined conditions will be considered confined in
this paper, as upward leakage through a confining
layer is the primary control of the model. The central



point of Klimchouk’s model is that karst aquifers,
when confined in sedimentary basins, undergo
dissolutional modification. That modification is
necessarily in a slow flow condition, as one compo-
nent of water flow through these karst aquifers is a
slow leakage upward across confining layers. Rapid
turbulent flow does not exist, and the slow leakage
creates a non-competitive environment for water flow;
there is no organized lateral flow to create integrated
conduit systems. Through time, dissolution may cause
independently-forming voids to intersect and link up,
but such connections have little impact on overall
flow patterns. Void systems from a few meters across
to those with hundreds of kilometers of passage may
form. The bedrock dissolutional morphologies pro-
duced by this process are different from those
expected in epigenic stream caves, where turbulent
flow hydrodynamics govern dissolution.

Some aquifers, such as the Edwards aquifer, are now
considered to be hypogenic (Schindel et al., 2008),
however the Edwards links directly via dissolutional
macroporosity to an adjacent epigenic recharge
system and is quite different from the classic isolated,
deep basin and confined hypogenic cave-producing
karst aquifer presented by Klimchouk (2007). In
addition, discharge points for artesian aquifers, such
as artesian wells and springs, commonly exhibit
turbulent flow, but such turbulent flow cannot be
assumed for the entire aquifer feeding those discharge
points. Deep confined sandstone aquifers, when
initially drilled, commonly show voluminous and
turbulent flow from the producing well as a result of
high pressure heads.

Carbonate rocks can be classified based on their
position in the diagenetic cycle. Choquette and Pray
(1970) divided the post-depositional evolution of
carbonate porosity into three time-porosity stages as
elements of the rock cycle. They defined "the time of
early burial as eogenetic, the time of deeper burial as
mesogenetic, and the late stage associated with
erosion of long-buried carbonates as telogenetic”
(Choquette and Pray, 1970, p. 215). There is a ten-
dency when thinking of the confined hypogenic cave
model to assume that the speleogenesis takes place
solely in the mesogenetic realm, the site of deep-burial
diagenesis. As the gypsum maze caves of the Ukraine
demonstrate, neither deep burial nor extensive
diagenesis is necessary to create a confined speleoge-
netic environment. Confined conditions can occur in
young carbonate rocks near the surface, as seen in the
eogenetic Oligocene limestones of Florida, which are
locally confined by the Hawthorn Formation clays
(Martin et al., 2006). One can argue that caves formed
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in the mesogenetic environment are obligatory hy-
pogenic caves, but the converse is not necessarily true
(Mylroie and Mylroie, 2009). None the less, the
soluble rock units found in large and deep sedimen-
tary basins are commonly confined, and the great areal
extent of the basins makes lateral water transfer slow
and inefficient (Klimchouk, 2007). As a result, very
slow ascending flow across soluble units confined by
insoluble, mostly impermeable rocks has both the
opportunity, and perhaps more importantly, the time
to operate.

The term “hypogene cave” was introduced to the
larger speleological community by Ford and Williams
(1989), primarily in the context of rising deep-seated
H,S-rich waters mixing with shallow phreatic O,-rich
water, as they reported was observed in the Guadalupe
Mountains of New Mexico, or in Italy and Georgia in
Europe. Arthur Palmer went on to use the term
“hypogenic cave” to explain limestone cave formation
as a result of: “...acids of deep-seated origin, or
epigenic acids rejuvenated by deep-seated proc-
esses” (Palmer, 1991, p. 4). Ford (1995) felt rising
waters were a required aspect for hypogenic cave
development (his per ascensum water). The concept
described by the term “hypogene” has been around a
long time. Krauskopf (1967) indicates that Lindgren’s
1933 text, “Mineral Deposits” 4th edition (McGraw
Hill, NY) used the term “hypothermal” for minerals
formed at the greatest depths and closest to the
igneous source. The Glossary of Geology defines
hypogene as: “(a) Said of a geologic process, and its
resultant features, occurring within and below the
crust of the earth. Cf: epigene; endogenetic. Syn:
hypogenic; hypogeal; hypogeic. (b) Said of a mineral
deposit formed by ascending solutions; also said of
those solutions and of that environment. Cf: super-
gene; mesogene. (c¢) rarely used syn. of plutonic.”
(Neuendorf et al., 2005, p. 315). Interestingly, and in
contrast to the quote from Palmer (1991) above, the
Glossary of Geology defines a hypogenic cave as: “A
dissolution cave formed by waters whose solutional
capacity is derived from sources beneath the land
surface, most commonly by hydrogen sulfide or
cooling of thermal waters (Palmer 1991). Cf: epigenic
cave.” (Neuendorf et al., 2005, p. 315). The change
was written for the Glossary by Palmer (personal
communication). The term hypogenic cave was
quickly expanded to include caves where mixing of
waters in coastal carbonate aquifers produced flank
margin caves, with passage configurations closely
similar to those found in the Guadalupe Mountains
(Mylroie, 1991; Mylroie and Carew 1995; Palmer,
2007). The argument was made in this case that the
idea of “depth” was relative, and that the over riding
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factor was renewed dissolutional aggressivity by
mixing of different waters in an environment decoup-
led from surface, or epigenic processes. Klimchouk
(2007 and references therein) considered the Palmer
(1991) definition too restrictive, as its emphasis on
acids failed to consider dissolution of evaporites at
depth, but Palmer (1991) was a paper on limestone
cave (not overall dissolutional cave) origin so
Palmer’s acidity focus was appropriate. It is interest-
ing to note that the Glossary of Geology definition of
hypogenic caves is worded by Palmer so as to discuss
“solutional capacity”, and not “acids”, which antici-
pated Klimchouk’s concern. A Google® search
(January 19, 2009) shows 58,900 responses for
“hypogene”. Narrowing to “hypogene caves” yields
3,340 responses; “hypogenic caves” yields 1,830
responses. The term is well established in the geo-
science literature. Klimchouk (2007) reviews recent
usage of the term by a variety of authors. Because the
authors of this paper feel that cave development in a
confined environment (whether mesogenetic or not) is
one of several ways caves can develop under hy-
pogenic conditions, we have used the term confined
hypogenic cave in this paper for those caves described
by Klimchouk (2007).

To what degree do hypogenic caves survive introduc-
tion into the epigenic environment, and secondarily, to
what extent do those surviving hypogenic caves
influence epigenic cave development and hydrology?
As hypogenic caves enter the epigenic environment,
they should be considered paleokarst features (Ford,
1995). Ford (1995) considered the involvement of
epigenic waters (his per descensum waters) with
paleokarst to be random and to not influence modern
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ground-water flow trends. Rising water (his per
ascensum water), on the other hand, could be expected
to utilize paleokarst features as one of the few high
permeability routes available. The physical translation
of confined hypogenic caves from the deep-burial
diagenesis of the mesogenetic environment to the
epigenic processes of the telogenetic environment
(e.g. Klimchouk, 2007, his Figure 1) is a long-term
activity, working essentially at the cratonic scale. It
seems unlikely that these caves would be continually
influencing hydrologic flow; at some point they
represent paleokarst.

Palmer (2007), and Ford and Williams (2007) both
define paleokarst as epigenic karst that has been
buried. Interestingly, Ford (1995, p. 138) in a paper
focused on hypogenic caves, said: “Paleokarst phe-
nomena are here defined as those that at the present
time or for some significant duration in the geologic
past have been decoupled from all active hydrogeo-
chemical systems.” Burial is not a requirement to
become paleokarst as hypogenic caves are already
buried. After a traditional explanation of the burial of
epigenic karst to produce paleokarst, Ford (1995, p.
138) further elaborates: “If they [caves] were formed
at depth (subadjacent, interstratal or intrastratal karst
resulting from e.g. salt dissolution) the definition
requires a long period when there was no significant
chemical interaction with any fluids moving through
them; probably fluid circulation ceased to all intents
and purposes.” Ford (1995) implies that hypogenic
caves leave their environment of formation and transit
to the telogenetic realm as hydrologically-inactive
paleokarst features.

Figure 1. Comparison of
large cupolas from flank
margin caves and caves
classified as confined hy-
pogenic caves. A) Hatchet
Bay Cave, Eleuthera Is-
land, Bahamas, a flank
margin cave. B) Deep
Cave, Texas, a confined
hypogenic cave (from
Klimchouk, 2007, Plate
6D). For all figures, photos
are by the authors unless
otherwise noted; all rocks
are carbonates unless
otherwise noted; images
from Klimchouk 2007 used
with permission.




The formation of these hypogenic caves between
confining units by ascending flow means that the
caves have little or no influence on flow rates or
directions. If they did, then competitive forces would
be established between functioning flow routes, and
consolidation of flow would result. Such consolidation
of flow is specifically denied by the confined hy-
pogenic cave model of Klimchouk (2007).

For confined hypogenic caves to successfully influ-
ence epigenic karst flow, they would need to act as
preferential flow paths during their ascension to the
epigenic realm, and impose those flow paths on
epigenic cave development. Given that models devel-
oped to show how cave conduits develop in the
epigenic environment have been highly successful in
explaining these subsurface flow paths (e.g. Palmer,
1991), organizational control by relict hypogenic
caves seems unlikely. On the other hand, the intersec-
tion of relict hypogenic caves by epigenic conduits
seems almost a guaranteed occurrence at some scale.
Assuming some finite number of relict hypogenic
caves emerging from the mesogenetic environment
into the telogenetic (or surficial) environment, the
interaction with epigenic flow routes would have to
happen from time to time. Since these epigenic flow
routes are controlled by the interaction of geologic
structure with topography (e.g. dip and strike; faults
and folds), only rarely would the relict hypogenic
caves be positioned and oriented to provide a competi-
tive advantage to ground-water flow. Confined hy-
pogenic caves develop in a non-competitive hydro-
logic environment, as no flow route can gain a hydro-
logic transmission advantage over any other flow
route due to slow leakage upward through the confin-
ing layer (Klimchouk, 2007). As a result, internal
connections are of an essentially random nature, and it
is therefore unlikely that they carry any pre-adaptation
to assist in epigenic flow. Therefore their influence on
epigenic flow should be minimal.

Klimchouk (2007) re-evaluates the epigenic models of
maze cave formation, especially those of Palmer
(1975; 1991). Klimchouk’s argument, based on
contrasts between alpine gradients and lowland
gradients, where the former can produce floodwater
mazes but the latter cannot, are unconvincing. If
recharge exceeds discharge, vadose and epiphreatic
caves will flood, and if base level rises above the
cave, caves will flood, regardless of the amount of
local relief. Similar arguments are made regarding
flood mazes adjacent to rivers, where Klimchouk
(2007) claimed that such maze caves can enlarge but
not originate in these flood settings. This approach by
Klimchouk (2007) assumes floodwaters cannot
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penetrate joints laterally in a low confining pressure
epigenic environment to initiate cave genesis, but that
slow upward leakage across aquicludes in a high
pressure confining environment can.

Klimchouk (2007) takes an expanded view of con-
fined hypogenic caves, and considers a large number
of caves previously thought to be epigenic to be
actually mostly hypogenic in origin, with later epi-
genic over printing. Part of the reason for these re-
evaluations is the identification of features thought to
be solely the outcome of confined hypogenic proc-
esses. To assess the degree to which such over print-
ing has occurred, and the degree to which many
epigenic caves, especially maze caves, are hypogenic
in origin, requires being able to unambiguously
identify hypogenic cave features.

Cave deposits might be a way to differentiate a
hypogenic versus epigenic origin for a cave, espe-
cially if those deposits could be demonstrated to be
quite old. Cave deposit data from the Guadalupe
Mountain caves of New Mexico, involving datable
clays of clear hypogenic origin (Polyak, et al., 1998),
are an excellent example. Some data, such as that
from the Jenolan Caves in Australia (Osborne, 2007),
come from cave deposits that indicate an early
phreatic origin at ~340 million years ago. Such data
are only secondary evidence. While it is highly
unlikely that a cave formed 340 million years ago
would survive in an epigenic environment for that
long a period of time, the cave could as easily be an
epigenic cave subsequently buried and re-exhumed
instead of a hypogenic cave making its first appear-
ance at the earth’s surface. In any event, it is clear that
the passages involved in the Osborne (2007) discus-
sion are not part of the current epigenic flow regime,
and provide little evidence of past control of that flow
regime.

The confined hypogenic cave model considers the
dissolutional bedrock forms produced in the confined,
hypogenic environment to be diagnostic (Klimchouk,
2007). The appearance of such bedrock dissolutional
forms in both active and inactive epigenic caves today
is considered in this model to be the result of inheri-
tance of hypogenic cave voids by some, or most, of
the cave as currently observed. Klimchouk (2007)
cites numerous examples of caves currently function-
ing in the epigenic environment as examples of this
hypogenic inheritance, such as Mystery Cave, Minne-
sota and Skull Cave, New York. These examples are
based on cave pattern and on the dissolutional bedrock
morphology of individual passages. The morphologi-
cal signatures of confined hypogenic caves are

NCKRI Symposium 1 1 5



displayed in Plates 1 — 18 of Klimchouk (2007) as key
forms and shapes that can be used as diagnostic
indicators. Extensive or continuous appearance of
these features is interpreted to indicate actual flow
control of the epigenic waters in the cave by inherited
hypogenic voids. The critical factor is the bedrock
dissolutional form. Are these forms truly unique to the
hypogenic environment, or are they the result of
laminar or slow flow hydrodynamics, an event that
can occur in a variety of phreatic karst settings, not
just in confined ones? If the forms are not diagnostic
of confined hypogenic cave origin, then the wide-
spread re-evaluation of many cave systems as being
under the control of relict hypogenic caves (e.g.
Klimchouk, 2007; Alexander et al., 2008) is
questionable.

Mylroie (2008) has made some strong criticisms, not
of the basic confined hypogenic cave model, but of its
widespread application to the global cave environment
by Klimchouk (2007). Mylroie and Mylroie (2008)
have questioned the use of dissolutional rock sculpture
to assume a confined, hypogenic origin for caves. As
the Mylroie and Mylroie (2008) material is a GSA
abstract and subsequent oral presentation, the issues
brought up in that work are the focus of this paper, to
create an accessible and permanent record and initiate
scientific discussion needed to clarify impact of
hypogene processes on observed karst features at the
earth’s surface.

Diagnostic bedrock forms

The dissolutional bedrock forms described as diagnos-
tic for confined hypogenic cave origin by Klimchouk
(2007), as listed and shown in plates 1-18 of that
publication, are: side and floor feeders, rising wall
channels, ceiling cupolas and rising chains of ceiling
cupolas, ceiling channels, outlets, domepits, and
bedrock partitions, among others. The list is a mix of
descriptive terms (ceiling channels) and interpretive
terms (feeders).

A critical point in assessing the diagnostic bedrock
dissolutional forms used to establish a confined
hypogenic cave origin is to demonstrate that such
forms can or cannot occur in a karst aquifer that has
never been confined. Such conditions are difficult to
demonstrate for any cave developed in telogenetic
rock, because by definition that rock has been down to
the mesogenetic environment. Its reappearance in the
telogenetic environment is accompanied by inherited
characteristics from the mesogenetic stage: loss of
primary porosity, re-crystallization of cements and
allochems, and compositional changes (e.g. dolomiti-
zation). It is relatively straightforward to then argue
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that macroscopic features such as confined hypogenic
caves have also been inherited.

There are some environments in which the karst
aquifer has never been confined, let alone has de-
scended to the mesogenetic environment. Eogenetic
karst aquifers are formed in rocks that are still in or
near their environment of deposition, and have not
undergone burial, or been moved out of the influence
of meteoric diagenesis (Vacher and Mylroie, 2002).
Some of the best examples of such an aquifer are the
eolian calcarenites of the Bahamian Archipelago. Not
only have these rocks never been buried or confined,
they were actually deposited subaerially by wind in an
environment free of phreatic water. Only as a result of
glaciocustatic sea-level rise have these dune lime-
stones subsequently experienced shallow phreatic
conditions. In addition, the rocks are very young in
geologic terms, generally less than 500 ka (Carew and
Mylroie, 1995a; 1997).

These carbonate rocks contain dissolutional voids of
macroscopic size, the largest of which are termed
flank margin caves. Dissolution occurs in the phreatic
environment of a floating Ghyben-Herzberg-Dupuit
fresh-water lens. The dissolution is maximized at the
distal margin of the lens, under the flank of the enclos-
ing landmass, hence the name flank margin cave. This
dissolution is a result of: 1) mixing with vadose
freshwater descending to the lens, and mixing with
phreatic marine water below and adjacent to the lens;
2) oxidation of organics trapped at the density inter-
faces at the top and bottom of the lens; and 3) the
increased flow velocity associated with the distal lens
margin (Mylroie and Mylroie, 2007).

The Bahamas are tectonically stable (Carew and
Mylroie, 1995b), so the flank margin caves that are
above sea level today are the result of a past, higher
glacioeustatic sea-level position. Because of the age of
the rocks, only the Quaternary glaciations, as identi-
fied by the Marine Isotope Stage (MIS) system, can
have driven the necessary sea-level change. Based on
isostatic subsidence rates of the Bahamas, only the
MIS 5e highstand (last interglacial) could have pro-
vided the sea-level highstand needed to lift a fresh-
water lens into the position to make the flank margin
caves as now observed in a subaerial setting (Carew
and Mylroie, 1995b). That highstand lasted from 131
ka to 119 ka (Chen et al., 1991), a 12,000 year time
window to make the caves. The caves formed ex-
tremely rapidly in an unconfined condition.

As a contrast, Isla de Mona contains many flank
margin caves (Frank et al., 1998). This island, located



in Mona Passage between Hispaniola and Puerto Rico,
is made up of Mio-Pliocene marine limestones. It
contains the largest known flank margin caves in the
world, with survey totals of 20 km for the Lirio Cave
system. It has been tectonically uplifted, a conse-
quence of its proximity to the North American —
Caribbean plate boundary (Gonzalez et al., 1997).
Paleomagnetic analysis of cave deposits has demon-
strated that the caves are up to 1.8 million years old or
older (Panuska, et al., 1998). The large cave size is
apparently a result of cave genesis prior to the onset of
high amplitude, short wavelength glacioeustasy of the
Quaternary. As a result, unlike the Bahamas, the fresh
-water lens was able to stay in a single position for an
extended period of time, creating exceptionally large
flank margin caves (Mylroie and Mylroie, 2007).
Tectonic uplift of the island after cave genesis pre-
served the caves, and removed any opportunity for
mesogenetic diagenesis, and confined conditions. The
Bahamas show that flank margin caves can form
rapidly in thousands of years; Isla de Mona shows that
the caves can persist for millions of years.

Mylroie and Carew (1995) and Palmer (2007) con-
sider flank margin caves to be hypogenic, as they
form as the result of mixing of waters at depth within
the bedrock mass, isolated from direct hydrologic
connection with surface hydrology. It can be argued
that they are not hypogenic by some definitions of
hypogene, as ascending waters are not required for
their development (Ford, 1995); however, in confined
conditions, a karst aquifer could leak downward as

Figure 2. Comparison
of cupolas on overhead
ceilings. A) Hatchet
Bay Cave, Eleuthera
Island, Bahamas, a
flank margin cave.

B) Generator Cave,
Crooked Island,
Bahamas, a flank mar-
gin cave. Some cupo-
las are breached by
surface denudation.

C) Lechuguilla Cave,
Guadalupe Mountains,
New Mexico, a confined
hypogenic cave. Note
the scale difference with
A and B (National Park
Service from
Klimchouk, 2007,

Plate 11A).
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well as upward to create flow as it is in a pressurized
system, so purely ascending water may not be neces-
sary. In any event, the flow within flank margin caves
is not turbulent, and features such as bedrock ablation
scallops, or stream-laid sediments, are absent.

Comparing the bedrock dissolutional forms of flank
margin caves in the Bahamas and Isla de Mona with
those forms listed as diagnostic of confined hypogenic
speleogenesis by Klimchouk (2007) is revealing.
Cupolas are a common feature in flank margin caves.
Figures 1 and 2 compare cupolas, and Figure 3 cupo-
las with outlets and domepits, to those displayed by
Klimchouk (2007). Figure 4 compares rising cupolas,
and Figure 5 compares ceiling channels. Figure 6
compares bedrock wall partitions. Figure 7 compares
fissure and rift-like feeders. In all cases, bedrock
dissolutional forms exist in flank margin caves that
have a remarkable similarity to those classified as
diagnostic by Klimchouk (2007) for confined hy-
pogenic caves. The features shown from the Bahamas
and Isla de Mona are common in many caves in both
locations. It is not necessary that the features from
eogenetic carbonate islands be exactly identical to the
diagnostic forms displayed by Klimchouk (2007). It is
sufficient to say that these dissolutional forms are so
close in configuration and appearance that if these
forms were found later in an epigenic cave in the
telogenetic environment , one could not tell the forms
apart. As a result, such forms cannot be considered
diagnostic of confined hypogenic cave origin. Can
flank margin caves survive deep burial downward
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Figure 3. Comparison of
“cupolas with outlets” and
domepits. A) Cupola with
outlet, Hamilton's Cave,
Long Island, Bahamas.
B) Domepit (possible bell
hole) and subsidiary
cupolas, Cumulous Cave,
Crooked Island, Bahamas.
C) Cupola with outlet,
Mystery Cave, Minnesota
(from Klimchouk, 2007,
Plate 9D). D) Domepit,
Slavka Cave, western
Ukraine, in gypsum (from
Klimchouk, 2007, Plate
9J).

Figure 4. Comparison of
rising cupolas. A) Cupolas
rising towards the viewer,
Harry Oakes Cave, New
Providence Island,
Bahamas. B) Cupolas
rising towards the viewer,
Cueva del Agua, Punte
Los Ingleses, Isla de
Mona, Puerto Rico.

C) Cupolas rising away
from the viewer, Caverns
of Sonora, Texas (from
Klimchouk, 2007, Plate
6B). D) Cupolas rising
away from the viewer,
Spider Cave, Guadalupe
Mountains, New Mexico
(from Klimchouk, 2007,
Plate 6C).
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Figure 5. Comparison of
ceiling channels. A) Ceiling
channel, Cueva del Agua
Sardinera, Isla de Mona,
Puerto Rico. B) Ceiling
channel, Cueva Nuevo, Isla
de Mona, Puerto Rico.

C) Ceiling channel in Atlan-
tida Cave, western Ukraine,
in gypsum (from Klimchouk,
2007, Plate 7A). D) Ceiling
channel in Dzhurinskaja
Cave, western Ukraine, in
gypsum (from Klimchouk,
2007, Plate 6G).

Figure 6. Comparison of
bedrock wall partitions.
A) Goat Cave, Long Island,
Bahamas. B) Eight Mile
Cave, Abaco Island,
Bahamas. C) and D)
Zoloushka Cave, western
Ukraine, in gypsum
(photos by B. Ridush and
V. Kisselev, from
Klimchouk, 2007, Plates
12E and 12G).

from the eogenetic environment? Isla de Mona indi-
cates that large flank margin caves can survive for
millions of years under near-surface conditions. In the
Bahamas, Meyerhoff and Hatten (1974) report striking
cavernous porosity at many depths ranging from 21 to
4082 m, the deepest void accepted 2430 m of broken
drill pipe. The carbonate rocks involved were all
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shallow water deposits that had subsided to depth.
That large voids can survive at great depth in isostati-
cally-subsiding carbonate rocks is without question.
The question that cannot be answered is whether these
voids were inherited from the shallow eogenetic
environment, or were created at depth in this uncon-
fined condition.
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Flank margin caves contain other interesting lessons.
Figure 8 shows breccia facies from flank margin caves
on Isla de Mona and the Bahamas. The facies are
actually paleosol material either transported into the
caves by vadose processes, or true paleosols within
the carbonate sequence that have been cut through by
dissolution. Such facies can give the impression of
great age, or great depth of burial for the rock mate-
rial. The discovery of voids with surfaces formed
under phreatic conditions cutting such breccias could
be misinterpreted as implying the voids formed in the
mesogenetic environment.

Creation of similar bedrock dissolutional
forms in dissimilar environments

What has caused the convergence of the dissolutional
forms seen in Figures 1 to 7? One can postulate an
inheritance argument, in which all such forms origi-
nated in the eogenetic environment as flank margin
caves and later were carried down to the mesogenetic
environment and subsequently upward into the teloge-
netic environment. Their appearance in epigenic caves
is therefore a consequence of inheritance from an
initial eogenetic condition, and not a later hypogenic
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Figure 7. Comparison of
fissure and rift-like pas-
sages. A) Eight Mile Cave,
Abaco Island, Bahamas.
B) Cueva del Agua
Sardinera, Isla de Mona,
Puerto Rico. C) Aneva
Cave, lIsrael (photo by
Amos Frumkin from Klim-
chouk, 2007, Plate 5H).

D) Knock Fell Caverns,
Northern Pennines, United
Kingdom (from Klimchouk,
2007, Plate 5I).

origin in a mesogenetic setting. Confined hypogenic
cave maps from the Guadalupe Mountains show a
great similarity to flank margin cave maps from the
Bahamas or Isla d e Mona (Figure 9). Maps of flank
margin caves from diagenetically-mature rocks, such
as in New Zealand (Mylroie, et al., 2008), show
patterns similar to joint-controlled confined hypogenic
caves (Figure 10). The authors do not actually suggest
that dissolutional forms found in epigenic caves that
mimic those from hypogenic caves actually originated
in flank margin caves. The point to make is that the
inheritance argument for either eogenetic or confined
hypogenic caves carries its own problems if extended
too far.

What is much more likely is that the similarity of
bedrock dissolutional forms found in caves originating
in the eogenetic, mesogenetic and telogenetic environ-
ments is the result of similar hydrodynamic flow
conditions. That argument is easy to make for flank
margin caves and confined hypogenic caves. Both
environments involve slow movement of waters in a
non-competitive flow setting. The dissolution envi-
sioned for confined hypogenic cave development is



necessarily slow as described by Klimchouk (2007). If
it were fast, then entire soluble rock units would
disappear completely in the time span of the creation
and exhumation of cratonic basins, even if the aquifer
was not incised by erosion and stayed confined the
entire time. Evidence exists for substantial removal of
both gypsum and halite units in basins, followed by
regional collapse and brecciation (Johnson, 1997).
Completely opposite is the formation of flank margin
caves, where entire caves in the Bahamas, with tens of
thousands of cubic meters of void space, developed in
the time span of twelve thousand years. Time, it
would appear, is less important than the geochemical
and hydrodynamic properties of the fluid involved. If
slow flow occurs in both cases, then the dissolutional
potential would need to act inversely to the time
available: low dissolutional potential needs a lot of
time to create the observed bedrock forms (confined
hypogenic caves), high dissolutional potential needs
little time to make the same forms (flank margin
caves).

What does this say about the epigenic cave environ-
ment? Under what conditions do these caves achieve a
slow flow regime, and for how long? If such a regime
can be established, what are the likely geochemical
conditions of that flow regime? The classic example
has been floodwaters in carbonate caves. Under
flooding conditions, epigenic caves, which do not
have floodplains, experience exceptional increases in
head, and high flow velocities (Palmer, 1972). The
flooding described by Palmer (1972) is of input
floods, in which the cave is confronted with more
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incoming water than it can handle, and hydraulic head
relative to the discharge point remains high. Epigenic
caves also experience output floods, where hydraulic
heads decrease, or even reverse, as a result of flood-
induced rising base level. During an output flood, the
epigenic conduit can become essentially stagnant.
Water flow can become extremely slow for hours or
even days at a time. The water can be remarkably
aggressive as its initial residence time is short, and in
carbonate systems, organic decay can help maintain
that dissolutional potential. Output flooding of caves
is a potentially repetitive occurrence for epigenic
caves, and may therefore leave a recognizable
dissolutional overprint.

Some of the epigenic caves reinterpreted by Klim-
chouk (2007) as rejuvenated confined hypogenic
caves, such as Mystery Cave, Minnesota, or Skull
Cave, New York, are each caves that experience
significant output flooding. Mystery Cave was de-
scribed by Klimchouk (2007, p. 70): “The cave has
perfectly expressed the morphological suite of rising
flow as described in Section 4.4 (see Plates 1-E; 6-1; 7
-C; 9-D and 14 for photographs of the cave’s hy-
pogenic morphology).” Mystery Cave is a meander
cutoff cave located in a meander neck of the South
Branch of the Root River (Mylroie, 1991). When the
river floods, the hydraulic head between the two sides
of the meander diminishes, and the cave floods. The
initial flooding, and the drain phase as the flood
recedes, may occur under high head conditions and
create fast flow conditions inside the cave. But in
between those stages, once the base level rise is

Figure 8. Paleosol breccias in
flank margin caves. A) Cueva
del Parajos, Isla de Mona,
Puerto Rico (6 cm lens cap in
left-center for scale). B) Red
Roof Cave, Long Island,
Bahamas. C) Beach Cave,
San Salvador Island, Baha-
mas. D) 1702 Cave, Crooked
Island, Bahamas. Images A
and C show a paleosol infil-
trate from the surface. Image
B shows a paleosol layer
between two eolianites. Im-
age D is a complex feature
combining elements of both
paleosol infiltrates and paleo-
sol layers (10 cm ruler in
lower left for scale). In all four
images the paleosol deposits
are cut by smooth, phreatic
dissolution surfaces that Ig-
nore the heterogeneity of the
paleosol material.
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complete, then the cave water is relatively stagnant.
Skull Cave is a pre-glacial epigenic cave system
which has had its outlets blocked by glacial drift
(Kastning, 1975; Hesler, 1990). Based on map pattern,
and a single photograph from Palmer (2001, his
Figures 10 and 11, respectively), Klimchouk (2007, p.
34) interpreted the map and photograph: “An alterna-
tive possibility is that clusters of hypogenic transverse
mazes, inherited from the confined stage, are encoun-
tered by invasion stream passages during the subse-
quent unconfined stage. A photograph of a typical
floodwater (supposedly) passage on the cited figure
shows a hole with a smooth edge in the bedrock floor,
which is typical example of a feeder (riser) in hy-
pogenic transverse caves (see next section, photos F,
H and I on Plate 3).” (The quote incorrectly conflates
Palmer (2001) Figures 10 and 11 as a single figure).
As with Mystery Cave, the fill and drain phases may
have high flow velocities, but the middle stagnant
stage does not. Skull Cave shows modern flood debris
over 25 m above the active stream passages in the
cave. This flood debris contains human-manufactured
items such as tires, tin cans and plastics, indicating
that flooding is a modern activity. If both caves were
truly hypogenic in origin, one would expect that they
would contain extensive passages not explicable by
the current hydrology, and that adjacent, unconnected

hypogenic cave fragments would exist in the sur-
rounding area.

One of the consequences of slow flow or stagnant
conditions in any cave, compared to the usual rapid
turbulent flow found in epigenic stream caves, is the
opportunity for convective flow to occur. In stagnant
cave waters, vertical convection can be driven by
density contrasts within the fluid established by
thermal or solute differences (Ford and Williams,
2007). Flow that mimics vertical convection can occur
from vertical hydraulic pressure injection of water
from overlying or underlying units, or by evolution
and entrainment of gas bubbles (Palmer, 2007).
Vertical convective flow could be responsible for the
many cupolas, ceiling channels, and related dissolu-
tion features seen in both confined hypogenic caves
and flank margin caves. The methods of convection
are probably different. Shallow flank margin caves are
unlikely to show thermal convection, whereas
mesogenetic confined hypogenic caves, given their
pressure regime at depth, are unlikely to evolve gases.
Provided there is dissolutional aggressivity to the
water, vertical convective flow, if occurring at discrete
sites, would be expected to produce cupolas and
ceiling channels. Cupolas would occur where the
convective cell rise and return limbs were close and
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de Mona, PR
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Lechuguilla Cave (map fragment)
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Figure 9. A) Maps of two Guadalupe Mountain, New Mexico caves from Klimchouk (2007, Figure 16). B) Map of
Lirio Cave from Isla de Mona, Puerto Rico. Polygonal, anastomotic and related cave patterns (spongework and
ramiform patterns of Palmer, 1991) have been suggested as diagnostic for confined hypogenic caves as in A by
Klimchouk (2007), but flank margin caves, as in B, commonly show similar patterns. Flank margin caves, being tied
to the fresh-water lens margin, only show the 3-D complexity found in confined hypogenic caves if sea level change

has been slow and gradual.
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Figure 10. A) Map of Jabal Al Qarah Cave, northeastern Saudi Arabia (from Klimchouk, 2007, Figure 37). Map of
Kaikouri Cave, South Island, New Zealand (from Myilroie et al., 2008). Kaikouri Penguin Cave is a flank margin
cave developed in telogenetic rocks, as a result primary porosity is low and cave patterns are joint and fracture

controlled, similar to confined hypogenic caves, as in A.

parallel. Ceiling channels would form where the rise
and return limbs were separated by a lateral difference
such that the upper horizontal leg was against the cave
roof.

In epigenic caves, stagnant flood conditions could
allow vertical convection to occur, to generate disso-
lutional features that mimic those associated with
flank margin caves or confined hypogenic caves.
Stagnant waters in a cave create a condition of non-
competitive water flow, so bedrock dissolution would
be expected on all surfaces to produce maze-like
passage development and thin wall partitions. As a
result of allogenic sediment transport into the cave,
epigenic caves also support paragenesis, which forces
water flow against cave roofs and walls to create a
variety of dissolutional forms that could appear
hypogenic. Paragenesis is not a major factor in con-
fined hypogenic caves, or in flank margin caves, as
allogenic sediment transport does not occur during
cave genesis. Any sediment load in these two cases
would be autogenic material left as an insoluble
residue. In flank margin caves in Bahamain eolianites,
the limestones are 99.9% CaCOs, so insoluble sedi-
ment load is not a factor in armoring floor surfaces.

Conclusions

The argument that epigenic caves, especially maze
caves, are primarily relict confined hypogenic caves
translated to the telogenetic environment is question-
able for two reasons. First, hypogenic caves formed in
response to a set of hydrologic and geochemical
conditions different from the epigenic karst environ-
ment. To assume that they would be positioned and
oriented to make a significant contribution to epigenic
flow routes is not viable. As previously discussed,
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models that explain epigenic maze cave development
appear viable, and the criticisms of those models
appear invalid. Second, the diagnostic features stated
to be solely the result of confined hypogenic condi-
tions are not unique to the hypogenic environment.
Flank margin caves developed in eogenetic rocks,
which have never been confined, display similar
dissolutional features. Arguments can be presented to
generate these same diagnostic features within the
epigenic realm by stagnant floodwaters. Being
phreatic in an epigenic system is not sufficient, it must
be phreatic and stagnant to prevent lateral shear of
vertical convection. The vast differences in geologic
time between the long duration necessary for confined
hypogenic cave development, and the comparatively
short time necessary for flank margin cave develop-
ment indicate that hydrodynamic and geochemical
conditions are a greater control of cave morphology
than simple duration of hydrological activity.

That confined hypogenic caves exist, and that they are
introduced in relict form to the telogenetic environ-
ment is most certainly true. That they are intersected
by epigenic caves is also true. What is not as apparent
is that they form a major class of cave within the
epigenic cave environment, and that they play a major
role in epigenic cave development. It is not true that
they can be uniquely identified by a suite of dissolu-
tional features.

The major hypogenic caves of the United States, such
as in the Guadalupe Mountains of New Mexico or the
Black Hills of South Dakota, do not participate in the
current epigenic karst water flow of those regions.
Their large explorable extent is directly related to their
lack of participation in local hydrology, such that they
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are not overprinted, segmented, and infilled by epi-
genic stream caves. The climatic regime of the Ameri-
can West has created a preservational bias for hy-
pogenic caves that has helped overcome the explora-
tional bias that limited hypogenic understanding until
the 1980’s. The confined hypogenic cave model is an
important new view of cave development at depth.
The degree to which relict hypogenic caves exist in
the epigenic environment, and influence epigenic cave
genesis and function, is still open to debate.
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Appendix - Discussion of terminology
Klimchouk (2007) argues that hypergenic or hyper-
gene is more appropriate then epigenic for traditional
stream caves coupled to the surface hydrology, as
those terms are antonyms for hypogenic and
hypogene, respectively. He notes that those terms
have been used in Eastern Europe. However, correct
use of the term “hyper” means over, above or beyond,
and in this case the frame of reference is the earth’s
surface, hypergenic is therefore above or over the
earth’s surface. The term hypergene is given in the
Glossary of Geology as a synonym for supergene;
hypergenesis as: “A term introduced by Fersman
(1922) and persisting to the present day in Russian
geology, for surficial alteration (weathering) of
sedimentary rocks. Little used in the English litera-
ture....” (Neuendorf et al., 2005, p. 314). Ford and
Williams (2007, p. 3-4) report that the European
literature has used the terms “hyperkarst” and
“hypokarst” as subcategories of “endokarst”, where
endokarst is karst developed underground. Hyperkarst
is then underground dissolution by circulating mete-
oric waters, and hypokarst underground dissolution by
juvenile or connate waters. These terms are com-
pletely relative as regards vertical position, which
could vary widely from place to place, and the terms
conflict in North America with the meaning of hyper-
gene as geologic activities on the earth’s surface. So
while the term hypergenic may be useful for describ-
ing karren on the land surface, it is not useful for
stream caves in the subsurface that are coupled to
surface hydrology. Epigene is defined in the Glossary
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of Geology as: “(a) said of a geologic process, or its
resultant features, occurring at or near the earth’s
surface. Cf: hypogene. Syn: epigenic.” (Neuendorf et
al., 2005, p. 213). The Palmer (1991) choice of the
term epigenic seems the correct one. It is also well-
established in the literature. A Google® search
(January 19, 2009) yields 38,600 responses for the
term “epigene”. Narrowing the search to “epigene
cave” yields 9,560 responses; “epigenic cave” yields
29,400 responses. “Hypergene cave” yields 430
responses; “hypergenic cave” 458 responses.

This review of terminology may be tedious, but
hypogenic caves, as discussed in this volume, repre-
sent the introduction of important new ideas into the
speleological literature. It is useful that such new
ideas, when defined, can be seen to fit into the contin-
uum of speleological thought. Changing epigenic cave
to hypergenic cave would not only be incorrect usage
and abandon a well-established term, it would also be
in conflict with current North American usage.
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Abstract

Numerous geologic conditions facilitate a setting for
hypogenic karst processes to evolve, including the
interaction of igneous rocks and groundwater in
carbonate rocks. Hydrothermal, deep-seated karst is
documented, but the mechanisms are not always
applied in geologic evaluations of the karst. Volcanic
activity provides conditions that can effectively
dissolve large voids deep below the Earth's surface.
Volcanogenic karstification relies on four components
to initiate and develop deep, subsurface voids: 1) thick
carbonate strata, 2) preferential groundwater flow-
paths (fractures), 3) volcanic activity that releases
acids, and 4) flux of groundwater through the system.
The order of occurrence (from 1 to 4) is critical to
develop the karst. Components 1, 2, and 4 are com-
mon to almost all karst, but component 3 can acceler-
ate dissolution processes in volcanogenic karst sys-
tems (VKS). High fluxes of carbon dioxide and/or
hydrogen sulfide from volcanic rocks create hyper-
aggressive subsurface conditions that rapidly dissolve
carbonate rocks. Volcanogenic karstification has
produced the Earth's two deepest underwater cave
systems, Pozzo del Merro (Italy) and Sistema Zacaton
(Mexico). Studies of these processes require evalua-
tion of systems currently active on or near the surface
(directly accessible by humans or robots). Volcano-
genic karstification can produce deep solutional
porosity and high permeability where older carbonate
rocks are juxtaposed to younger volcanic rocks. VKS
examples are discussed and some potential VKS
identified.

Introduction

Hypogene speleogenesis has been defined several
ways in karst literature. Palmer (1991, 2007) states
that hypogenic karst is based on the source of the acid
dissolving the soluble rock. Carbonic acid derived
from soil and atmospheric carbon dioxide (surface
sourced) is involved in epigenic karstification process
whereas acids from deep seated sources are defined as
hypogenic. These include volcanic gases of CO, and
H,S, reduced sulfur and carbonic acids from petro-
leum laden rocks, and other sources. Klimchouk
(2007) favors a more broad approach to hypogene
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speleogenesis, incorporating not only deep-seated
geochemical factors to the process, but including most
settings with rising waters independent of the source
of acid.

Most of the karst systems used to study and model
hypogene speleogenesis are currently vadose caves,
while the processes used to form most hypogene caves
occur in phreatic conditions. A future paradigm that
focuses on applying phreatic karst systems as the
standard to model the geologic mechanisms forming
karst is needed. The two deepest explored phreatic
caves in the world, Pozzo del Merro, Italy, and El
Zacaton, Mexico, (Table 1) (Gary et al., 2003; Knab,
2008) are both hypothesized as developing in hy-
pogene settings, specifically as a subset defined as a
volcanogenic karst system (VKS) (Gary and Sharp,
2006, 2008).

Volcanogenic karstification occurs when a groundwa-
ter system in soluble rocks interacts with volcanic
activity in the subsurface. This interaction can pro-
duce conditions favorable for intensive karstification
in focused geographical areas and at considerable
depth. Although surface expression of karst features
can be present, it is possible that no recognizable karst
development exists on the surface above areas with
volcanogenic karstification. This can make identifica-
tion and investigation of VKS difficult and limited
scientific literature exists on the subject.

The geologic processes involved in development of
VKS are well documented, and include fundamental
components common to all karst systems. These are:

1. Sufficient thickness of carbonate strata.

2. Preferential groundwater flowpaths (fractures).

3. Flux of groundwater (pump for mass transfer of
dissolved rock).

4. Volcanic activity — influx of proton (H"). CO,
and/or H,S accelerated kinetics and thermody-
namics.

Components 1-3 are common to all active karst
systems, and some form of acid must be present.
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Cave Name (country) Depth (m/ft.) Method of exploration

Table 1. Deepest Underwater

. - Pozzo del Merro (ltaly)
Caves in the World (compiled by

392 /1286 Telenaute ROV Prometheus

Knab (2008); Zacatén data from El Zacaton (Mexico)
Gary et al., 2008).

319/ 1046 DEPTHX AUV

Fountaine de Vaucluse (France) 315/1033 Telenaute ROV

Bushmansgat (South Africa) 282 /927 Nuno Gomes (SCUBA)

Crveno Jezero (Croatia)

281/921 ROV

Component 4 is unique to VKS because the major
source of acid (H") is derived from the interaction of
groundwater with volcanic rocks at depth. Klimchouk
(2007) modified a conceptual model of groundwater
flow from Toth (1999) to show regional settings of
hypogenic and epigenic karst systems (Figure 1) and
includes interaction of a magmatic zone adding CO,
and heat to the groundwater system. The addition of
heat is inherent to VKS that create hydrothermal
conditions that can provide upward convection of
fluids through pre-existing fractures and increase the
flux of groundwater through a developing karst
system. Dublyansky (2000b) discusses karst develop-
ment by geothermal waters with the effects of rising
thermal water, H,S and mixing with H,S and CO; to
accelerate dissolution. A general review of the interac-
tion of volcanic activity and karst is given by Salomon
(2003) who defines several cases where different
landforms result in this geologic setting. While
Salomon mentions CO, emissions from volcanic
settings accelerating dissolution, the focus of this
discussion relates to the variety of morphologies and
not specifically to karst processes, but also structural
deformation related to volcanic terrain.

Integration of volcanogenic karstification as a spe-
cific, defined type of hypogene speleogenesis is useful
when characterizing karst systems on a global scale.
Several karst systems have been identified directly
with volcanic activity in modern settings, and others
may have been influenced by volcanism during earlier
time periods. Such systems may have features and
characteristics that are difficult to relate directly to
volcanogenic processes, but applying the VKS model
improves interpretation of the geologic framework
when modeling the modern hydrogeologic system.

Sistema Zacatén — VKS type locale

We analyze a well-developed karst system, Sistema
Zacaton, with observable major features and settings
common to this karst type to define VKS common
characteristics. Sistema Zacaton is a deep, phreatic
karst system in northeast Mexico which formed in the
Pleistocene. The system remains active in present
time, although the most significant phase of karstifica-
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tion occurred during periods when nearby volcanic
activity produced active lava flows and cinder cone
volcanoes. The primary features of Sistema Zacaton
are the large water-filled sinkholes (cenotes) that are
oriented in two primary linear patterns: north-south
and east west at the southern end of the chain of
cenotes. This linear orientation reflects preferential
formation of the cenotes along fractures originating in
the early Cenozoic (Gary and Sharp, 2006). These
features are large enough to be seen from satellite
imagery (Figure 2). The geologic setting of Sistema
Zacatén includes mid-late Cretaceous argillaceous
limestone, Laramide related uplift and fracturing, mid-
Cenozoic intrusive igneous bodies, and Pleistocene
extrusive volcanic activity (Figure 3) (Suter, 1987;
Camacho, 1993; Goldhammer, 1999; Vasconcelos and
Ramirez Fernandez, 2004; Ramirez Fernandez et al.,
2007). These components together provide the unique
combination which initiated and accelerated karstifi-
cation of this deep hydrothermal cave system.

The generalized model of groundwater flow including
interaction with volcanic rocks is shown in Figure 4.
This resembles the idealized setting shown in Figure 1
by Klimchouk. Dublyansky (2000a) defines settings
and features characteristic of hydrothermal karst
systems, and Sistema Zacaton displays this model
extremely closely. A major trait of hydrothermal
systems is that of exaggerated zones of carbonate
dissolution and zones of carbonate precipitation.
Sistema Zacaton has some of the largest explored
karst phreatic voids in the world with over 2.7 million
cubic meters of water in the four largest cenotes,
representing massive zones of dissolution. These
underwater caves have been explored by humans and
recently mapped in great detail by the DEPTHX
(DEep Phreatic THermal eXplorer) project sponsored
by NASA (Figure 5) (Gary, 2007; Gary et al., 2008).
At least 4 phases of travertine precipitation occurred
at Sistema Zacaton, including large-scale hot spring
deposition pre-dating cenote opening to the surface
and subsequent closing of some cenotes in the form of
travertine lids. The first stage of travertine contains
fossils of late-Pleistocene mammoth bones indicating
the cenotes opened to the surface in recent geologic
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Figure 1. Idealized groundwater flowpaths and basic geochemical interactions adapted by Klimchouk (2007) from
Toth (1999). Klimchouk shows the interaction of a deeply placed magmatic body (red box) with the enrichment of
CO2 and heat to groundwater. Convection has been added to this model and may contribute to focused dissolution
and mass transport in a developing volcanogenic karst system.

time (Gary et al. 2007; Gary et al. 2006). The second
stage involves sealing over open cenotes as water
supersaturated with calcite off-gasses CO, at the
surface. Geophysical investigations of this phenome-
non are discussed in Gary et al. (2006), and Gary et al.
(2009, in press). The third and forth phases involve
broad overland travertine deposition from springs and
speleothems precipitated in dry caves formed within a
matrix of travertine from phase one. An additional
attribute found in the phreatic zones at Sistema
Zacaton are the diverse microbial habitats of bacteria
and Archaea that are similar to those in other hydro-
thermal settings that cycle sulfur and carbon in the
underwater environment (Sahl and Spear, 2007).

Geochemical and isotopic evidence

The features and characteristics of Sistema Zacaton,
including the unique ability to access deep segments
of the karst aquifer for direct study, make it an ideal
system to model VKS. A variety of initial investiga-
tions have been conducted at Sistema Zacaton to
characterize the karst, including geochemical and
isotopic studies. Complete results of these studies are
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not presented in this general overview of Sistema
Zacatoén, and initial data were previously published
(Gary and Sharp, 2006), or are in the publication
process. However, some convincing evidence exists
with physical and chemical profiles, limited carbon-13
and strontium isotopes, dissolved CO, values, some
trace elements, and extensive microbial activity.

Geochemical profiles were collected using two
methods at Sistema Zacaton: 1.) multi-parameter
sonde profiles (typically with a Hydrolab Series 4a
instrument); and 2.) a titanium multi-parameter
instrument developed by HydroTech as part of the
DEPTHX project (Gary et al., 2008). Both methods
revealed similar geochemical conditions in the main
cenotes of Zacaton, Caracol, Verde, and La Pilita and
results of over 1.5 million data points are presented in
Figure 6. With the exception of Verde, the deeper
cenotes are all extremely homogeneous with respect to
temperature, pH, dissolved oxygen, and specific
conductance. A sensor on the DEPTHX probe was
designed to measure sulfide at a frequency of 1 Hz,
but was only able to measure relative variations. True
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Figure 2. Landsat image of the area including Sistema Zacatén (upper right inset). The larger scale image shows
the karst area formed between the Sierra de Tamaulipas to the west and Volcanic Complex of Villa Aldama to the
east. Shapes of cinder cone volcanoes and water-filled craters are evident in the volcanic field. Major karst features
are isolated in the area bounded by the yellow box. Spatial resolution of the data is 30 meters/pixel indicating the
karst features are large (Data from North American Land Coverage, 1980).

sulfide values are not reported in this dataset. The
temperature data show Zacaton (30.1° C), Caracol
(29.6° C), and La Pilita (31.6° C) to remain constant
from top to bottom. These values are significantly
above the mean annual surface temperature of the
region (24° C) indicating a constant influx of geother-
mal energy to the groundwater. The uniform tempera-
ture profiles are attributed to convective mixing in the
water column. The dissolved oxygen concentrations in
the three deeper cenotes are just above 0 mg/L
throughout the water columns except for some slightly
higher values at the surface due to entrainment of air
bubbles into the water from the DEPTHX probe
thrusters. This lack of oxygen results from accelerated
microbial consumption of oxygen in the water, likely
by sulfur oxidizing bacteria (Sahl et al., 2007). The
pH of the system is low for a carbonate buffered
system with profiles of the deeper cenotes as meas-
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ured by DEPTHX ranging from 6.6 to 6.9, and values
as low as 6.2 in some water samples collected from
the cenote Caracol. The low pH is reflective of the
very high levels of CO, dissolved in the water dis-
cussed below. Specific conductance data reflect the
convectively well-mixed water column relative to
bulk ion geochemistry. Relative sulfide values show
some variation with depth and concentrations have
been measured in the water of Zacaton and Caracol in
ranges from 0.1 — 3.1 ppm using a Chemetrics spectral
photometer.

Verde reflects quite different geochemical profiles
from these five parameters due to the unique morphol-
ogy of the cenote. Verde to be the shallowest cenote
(Figure 5) and has an extremely flat floor atypical to
one of a collapse sinkhole structure. This flat floor is
hypothesized to be a travertine “barrier” formed when
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Figure 3. Geologic map of the Villa Aldama Volcanic Complex shows extent and relative ages of igneous rocks east
of the study area of Sistema Zacaton (study area). The Sierra de Tamaulipas to the west is part of the large domal
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Figure 4. Generalized cross-section of groundwater flowpaths to Sistema Zacatén shows enrichment of CO, and
H,S from the Pleistocene volcanic complex on the right. The intrusive rocks at the left have had little geochemical
effect on groundwater compared to extrusive volcanic rocks, but create a geographic high which contributes a
primary source of recharge to Sistema Zacaton. The karst features have formed in a fracture zone which created
preferential flowpaths during inception of dissolution process. Heat sourced from volcanic activity drives convection
in the groundwater system resulting in upward stoping and eventual collapse of cenotes to the surface.
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Figure 5. Plan and profile view of the southern water-filled sinkholes of Sistema Zacatén show the depth of Zacaton
at over 300 meters. This map was generated from underwater sonar data collected from the DEPTHX probe and
laser scanning data above the water surface. The white point cloud data points represent walls above the water and
the color scaled points represent different water depths within the phreatic zone. The sinkhole Zacatén is the sec-
ond-deepest explored phreatic cave in the world. All data are to scale and geographic position (Gary et al., 2008).

paleo-water levels persisted 45 meters lower than
present day levels isolating a perched body of water
disconnected from the deeper, hydrothermal ground-
water system (Gary and Sharp, 2006). The resulting
geochemistry in Verde has thermoclines, chemoclines,
higher levels of dissolved oxygen, higher pH, and
lower water temperatures (Figure 6) that vary season-
ally with climate.

Analysis of the water in the cenotes of Sistema
Zacaton reveals a calcium carbonate signature typical
of most karst waters. However, very high levels of
dissolved carbon dioxide have been measured in the
deeper cenotes, ranging from log PCO, = -1.66 to log
PCO, =-0.86. Typical values in the water column of
the cenote Caracol have concentrations of log PCO, =
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-1.35. These values are many times higher that water
at equilibrium with the atmosphere (log PCO, = -3.5)
and explain the very low pH values. The source of the
CO; is hypothesized to be a combination of microbial
and volcanogenic origin, and "*C isotopes of total
dissolved inorganic carbon (TDIC) reveal values
clustered around -11 %o PDB. This value fits within a
mixing model with end members of TDIC of 0 %o
PDB (volcanogenic) and -30 %o PDB (biogenic).
Strontium isotopes also indicate groundwater interacts
with mantle derived rocks with *’Sr/**Sr ratios lower
than would be expected strictly from contact with
Cretaceous limestone (Gary and Sharp, 2006).

The geologic, morphologic, and geochemical evidence
strongly support the hypothesis that Sistema Zacaton
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is a VKS. The unique nature of this karst system,
including the extreme expression of the features and
localized karst development makes it ideal as a model
system for volcanogenic karstification as defined here.

Other modern (active) VKSs

There are a number of other modern or active VKS.
These include Pozzo del Merro, Turkish Obruks,
Mammoth Hot Springs, and Cueva de Villa Luz.

Pozzo del Merro, Italy

Pozzo del Merro, the deepest underwater cave in the
world, developed in geologic conditions similar to
those at Sistema Zacaton (Gary et al., 2003). Pozzo
del Merro extends 392 meters below the water table,
which is 50 meters below the land surface. It was
explored in 2002 by a remotely operated vehicle
(ROV), where a floor was encountered at the bottom,
but with ongoing lateral passage (Caramana, 2002).
This region of Italy includes Triassic and Cretaceous
limestones that have been structurally altered in the
area of the Cornicolani Mountains as a part of the
central Apennine fold-thrust belt. This resulted in
faulting and fracturing during the Pliocene and Pleis-
tocene, which created preferential groundwater

flowpaths to circulate deep karst water (Billi et al.,
2007). Pleistocene volcanic activity accelerated the
karst processes here so that dissolution occurred at
great depths (Figure 7). Salvati and Sasowsky (2002)
noted enrichment of CO2 to deep groundwater from
interaction with the nearby Alan Hill Volcanic Com-
plex as one possible source. Similar to Sistema
Zacaton, central Italy has extensive hot-spring tra-
vertine deposits, which represent the end-member of a
deep-seated carbonate mass-transfer system. Caves
and springs in the area have also been identified to
have microbial communities involved in sulfur and
carbon cycling, such as in Frasassi Cave (Jones et al.,
2008) and other sulfur springs near Pozzo del Merro
(Caramana and Gary, 2006). Pozzo del Merro and
Sistema Zacaton have been compared as similar
systems qualitatively (Caramana and Gary, 2006), but
a detailed, quantitative study is needed to document
more precisely the karst processes common to these
two deepest underwater caves.

Turkish Obruks

Bayari et al. (2009) have recently documented karst
development in central Turkey that strongly resembles
that observed at Sistema Zacaton, although on a

"] Quaternary Travertine
771 Quaternary Alluvium

1 Mesozoic Carbonate Rocks
B Pleistocene Volcanic Rocks

Figure 7. Geologic map of the area (left) around Pozzo del Merro show the juxtaposition of Pleistocene volcanic
rocks against Mesozoic carbonates within which the underwater sinkhole formed (right). Pozzo del Merro is the
deepest explored underwater cave in the world at a depth of 392 meters (from Caramana, 2002).
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Figure 8. Schematic cross-section of the regional groundwater system and zones of Obruk formation in central
Turkey shows strong resemblance to Sistema Zacatén (from Bayari et al., 2009).

broader spatial scale. Large sinkholes, regionally
known as Obruks, developed in the Konya Closed
Basin, and have morphologies similar to the cenotes
of Sistema Zacaton. The features reach diameters in
excess of 600 meters and depths up to 125 meters
below the water table. This karst system has formed
through hypogene processes hypothesized to be driven
by volcanic activity. Bayari et al. conducted geo-
chemical and geomorphic investigations with results
similar to those observed at Sistema Zacaton. Carbon
dioxide concentrations are high (log PCO, =-0.9 to -
2.2) and stable carbon isotopic signatures of dissolved
inorganic carbon (~-2 %o PDB) are reflective of
volcanically influenced groundwater systems. Obruk
formation appears to remain extremely active as
recent development of new features is witnessed every
5-10 years. The conceptual model for Obruk forma-
tion is shown (Figure 8), and shows many of the same
geologic conditions as Sistema Zacaton (Figure 4).
Future studies directly linking these two systems
should improve the ability to identify and characterize
other VKS in a global context.

Mammoth Hot Springs, Wyoming, USA
Mammoth Hot Springs in Yellowstone National Park,
WY is a well-documented hydrothermal groundwater
system that developed in direct response to volcanic
activity (Sorey, 1991; Sorey and Colvard, 1997;
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Pisarowicz, 2003). Many features and characteristics
observed here are similar to those of Sistema Zacaton.
There is a thick sequence of travertines deposited by
hydrothermal waters supersaturated with calcium
carbonate. The water is heated by magma at depth and
rises through a zone of fissures and joints. It becomes
supersaturated with calcium carbonate at depth due to
highly elevated levels of CO, and flows to the surface
(Barger, 1978). Hot springs are found north of Mam-
moth Hot Springs and groundwater flows through
Mississippian Upper Madison Limestone. Other caves
and karst features, including travertine deposits, are
found in this region. The groundwater had been
identified as meteoric from isotopic signatures
(Bargar, 1978). Studies have been made in this hydro-
thermal system on the distribution and diversity of
geomicrobial communities, and the connection be-
tween volcanism and CaCOj; dissolution and precipi-
tation processes is likely interconnected with biologic
activity (Fouke, 2000). Surface karst features are not
widespread in the Mammoth Hot Springs area, but the
mass of calcium carbonate precipitation as travertine
on the surface indicates that large scale dissolution is
occurring in the subsurface in this mass transfer
system, possibly creating large voids that remain
unexplored.
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Cueva de Villa Luz, Mexico

Cueva de Villa Luz in Tabasco, Mexico, is another
biologically rich sulfur cave which may have been
influenced by volcanic activity. Lagarde Rosales et al.
(2008) investigated direct groundwater influence from
the Chichon Volcano located 50 kilometers west of
the cave (Figure 7). This volcanic system is active
with the last know eruption occurring in 1982. The
host limestone of the cave is Cretaceous in age, and
significant strike-slip faulting has occurred in the
region (Lagarde Rosales et al., 2008). Water now
flowing in this primarily vadose cave is rich in H,S
and feeds a dynamic community of microorganisms
(Hose, 1999; Hose et al., 2000). Although it is not
determined what role volcanic activity has had on the
formation of Cueva de Villa Luz, karst development
in the region may contain VKS.

Other possible VKS

Other VKS may include Rhodope Mountain hydro-
thermal cavity of Bulgaria (which may still be active),
and the Edwards Aquifer of Texas.

Rhodope Mountain hydrothermal cavity
(Mandan Chamber), Bulgaria

Dublyansky (2000c) reports of a voluminous cavity
1000 + meters below the surface in the Rhodope
Mountains of Bulgaria. It was discovered from bore-
holes drilled during exploration of ore deposits; the
boreholes encountered a mass of Archaean marble
containing the void in an area of Paleozoic igneous
rocks in the form of stocks and dikes. The deepest
borehole encountered the void at a depth of 667.9
meters below land surface, and extended to a depth of
2009 meters without encountering the lower boundary
of the void. Dublyansky inferred a minimum height of
the chamber at over 1341 meters. This immense cave,
known as the Mandan Chamber, is filled with hydro-
thermal water reaching temperatures of over 129° C.
This high temperature water is thought to result from
recent magmatic activity nearby or from deep water
flowing up through an ancient fault. If the former of
these two hypotheses is correct, the deep cavity in the
Rhodopes would be a VKS, and by far the deepest
phreatic karst system on Earth. Very little is known
about this karst system, but the advancement of
robotic exploration in extreme karst environments
(Gary, 2007) could lead to detailed documentation of
the specific geochemical characteristics of deep karst
development.

Western Edwards aquifer, Texas, USA
The Edwards Aquifer in central Texas is one of the
most prolific karst aquifers in the world, and supplies
water to millions of people in and around San Anto-
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nio, Austin, and surrounding rural communities
(Sharp and Banner, 1997). The Edwards Aquifer has
been intensely studied, particularly the eastern and
northern regions of the Balcones Fault Zone (BFZ)
Segment, and recent hypotheses include hypogene
development as an important process in karstification
(Schindel el al., 2008). The western segments of the
Edwards BFZ, particularly in Medina, Uvalde, and
Kinney counties, have a unique geologic framework
not present in the eastern and northern segments that
includes extensive volcanic activity. This area is
referenced as the Uvalde igneous field (Figure 8), and
contains late Cretaceous rocks dated from 82-72 Ma
(Smith et al., 2007; Blome et al., 2007). This volcanic
activity occurred well after deposition of the Edwards
Limestone (105-95 Ma). There are anomalous ground-
water conditions that exist in this segment of the
Edwards Aquifer, including “channeling of groundwa-
ter” in a feature known as the Knippa Gap, and valleys
with extremely prolific artesian wells in Kinney
County from which the water is primarily sourced
from cavernous voids 200-300 meters deep (Green et
al., 2006). One explanation for these unique hydro-
geologic occurrences could be alteration of the geo-
logic framework during periods of active volcanism,
creating a VKS deep in the subsurface that strongly
influenced subsequent karstification throughout the
Cenozoic. Some preliminary evidence of a VKS in
Uvalde County may lie in paleosprings with microbi-
ally mediated phreatic precipitants. Further investiga-
tion of these types of features may provide insightful
information when evaluating if the western segment of
the Edwards Aquifer was a VKS at one time.

Summary

Volcanogenic karst systems are an important sub-
category of hypogene karst that can develop cavern-
ous porosity deep in the subsurface, often without
surface expression of karst features. They result as
hyper-acidic groundwater conditions occur from
enrichment of volcanic CO, and H,S dissolve voids,
creating deep-seated karst features. As in the case of
Sistema Zacaton, these features have opened to the
surface as phreatic sinkholes, providing direct access
deep into the aquifer. As the relevance of VKS be-
comes realized as an important karst process occurring
globally, the challenges of investigating such systems
can be difficult. Accessing deep, phreatic environ-
ments, often through a man-made borehole, limits the
type of observations and measurements made. Recent
advances in underwater robotics tested at Sistema
Zacaton (Gary, 2007) may provide future technologi-
cal advancements that will expand our knowledge of
VKS. It is important to realize the karst forming
processes of modern volcanogenic karst systems such
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Figure 9. Aerial electromagnetic survey (lower inset) of Uvalde and Medina Counties, Texas conducted by the U.S.
Geological Survey show numerous late Cretaceous buried igneous bodies, particularly in Uvalde County (western
half). Kinney County (upper left inset), immediately west of Uvalde County also contains late Cretaceous volcanic
rocks exposed at the surface. The upper right photograph is of columnar joints in eastern Uvalde County near the
Knippa Gap (modified from Smith et al., 2007; Blome et al., 2007).

as Sistema Zacaton and the Obruks, investigate the
speleogenesis and dynamics of these active settings,
and use their models to aid in interpretation of older,
more cryptic karst phenomena.
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Abstract

Bubble trails are subaqueous features in carbonate
caves, which are made by the corrosion by ascending
carbon dioxide bubbles. Folia are calcite deposits
resembling inverted rimstone dams in saturated pools.
Based on morphological studies in Adaouste Cave
(Provence, France) and on studies elsewhere in the
world, we propose a new genetic model for folia,
close to the model of Green (1991). The association of
bubble trails and folia, occurring on overhanging
walls, is interpreted to be an indicator of hypogenic
degassing occurring just below the water table. The
association is the result of juxtaposed processes
composed of corrosion along bubble trails and calcite
deposition in calcite-saturated pools.

Introduction

Bubble trails are small channels developed subaque-
ously in the walls of carbonate caves by corrosion by
carbon dioxide bubbles. Folia are among the most
curious and rarest calcite speleothems: these subaque-
ous calcite coatings cover overhanging walls and
resemble inverted rimstone dams. Their origin is still
debated and several hypotheses have been suggested,
among which the two main hypotheses are: deposits at
the surface of water bodies (pools with oscillating
water level) or subaqueous speleothems in thermal
caves. In Adaouste Cave, bubble trails and folia are
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intimately associated, which is a paradox involving
both corrosion and deposition, respectively. This
paper presents a detailed analysis of their morphology
and spatial distribution that provides a better under-
standing of their origin and significance.

Our observations of bubble trails and folia from
Adaouste Cave (Provence, France), and comparison
with other occurrences worldwide, allow us to ascribe
to them a hypogenic origin by degassing. Moreover,
the association between bubble trails and folia pro-
vides us with an indicator for hypogenic processes by
carbon dioxide degassing that is highly useful for the
interpretation of inactive hypogenic caves.

Previous genetic theories

Bubble trails have been only recently identified
(Chiesi and Forti, 1987). The discovery of folia
occurred earlier (Emerson, 1952), but the understand-
ing of their genesis is still debated.

Bubble trails (bubble-flow canals)

Bubble trails are smooth and regular solution channels
cut in overhanging walls. The cross-section is roughly
half-circular, with diameters of 0.5 to 10 cm, ranging
from a shallow print (Figure 1C) to a deep channel
(Figure 1D). The course is essentially straight, with
some gentle curves following the steepest slope

Figure 1. Bubble trails in Adaouste Cave. Corrosion is limited to the channel, whereas the rest of the wall is covered
with a subaqueous calcite coating. A and D: views from below; B and C: front views (photos. J.-Y. Bigot, http://
catherine.arnoux.club.fr/photo/13/adao/adao.htm).
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(Figure 1A). Bubble trails were first identified in the
caves of the Iglesiente metallic district in Sardinia
(Chiesi and Forti, 1987). They are also mentioned in
some sulfuric acid caves, such as the Frasassi Caves in
Italy (Galdenzi and Sarbu, 2000). In Hungary, they
were first identified in the cave Ferenc-hegy barlang,
and later in the Buda Hills caves, other karst massifs
(Biikk, Pilis), and close to the Balaton Lake in Ta-
polca barlang (Szab6, 2005). Their development is
due to carbon dioxide degassing (Chiesi and Forti,
1987). In the Santa Barbara 2 Cave, the degassing is
due to the oxidation of sulfur ore deposits (De Waele
and Forti, 2006). At depth, carbon dioxide remains
dissolved because of the high pressure. During the rise
of water in the phreatic zone, water degasses CO, as
depth decreases, typically 15-30 m depth at the
maximum (Luiszer, 1997). Bubbles converge into the
steepest upward courses along overhanging walls. The
carbon dioxide bubbles locally enhance the solutional
aggressivity of the adjacent water. Bubble trails are
produced by the continued corrosion along these
unchanging routes. Such corrosion features are proba-
bly more frequent than suggested by the sparse sites
mentioned above. Theoretically, such phenomena
should be present in most hypogenic caves where
carbon dioxide degassing occurs. On the contrary,
they do not seem to exist in any other type of cave.
Bubble trails should not be confused with other types
of wall and ceiling channels such as paragenetic wall
channels, convective channels in deep-seated caves
(Klimchouk, 2007), hydrothermal condensation-
corrosion channels (Audra, 2007), etc.

Folia (Hill and Forti, 1997)

Folia are speleothems resembling inverted rimstone
dams or mushroom caps. They occur as undulating
ribbons, stacked like leaves, and hence their name
(Figure 2). They grow downward as a continuous
coating, exclusively on overhanging walls. The lower
rim is horizontal or gently tilted about several degrees.
Individual ribbons are on average of 1 cm thick, less
than 10 cm wide, and separated vertically by empty
spaces up to 5 cm. In places they are influenced by
currents and are arranged parallel to the flow direction
(e.g. in Indian Burial Cave, Nevada; Green, 1991). At
the micro-scale, the calcite is deposited in a dendritic
microcrystalline fabric. Eventually, this porous
dendritic texture is overgrown by large columnar
crystals, up to 10 mm in length (Kolesar and Riggs,
2004). Such dendrites and skeleton crystals are the
result of a rapid growth and a limited supply of
material. For carbonate solutions, this is often caused
by the pressure fluctuations associated with mechani-
cal degassing, e.g. the growth tips of stalactites
(Maltsev, 1999), or by high supersaturation under

periodic very low-flow-regime periods that result in
prolonged outgassing (Frisia et al., 2000). Folia are
formed below the water table, down to several meters
or dozens of meters deep. More rarely they mark an
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Figure 2. Folia in Adaouste Cave. Top: folia occur
exclusively below overhanging walls; middle: front view
toward the top showing the “inverted rimstone” mor-
phology; bottom: view from below showing the outward
and downward development as inverted cups (photos
by J.-Y. Bigot, http://catherine.arnoux.club.fr/photo/13/
adao/adao.htm).
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Table 1. Folia occurrences, about 25 sites worldwide.

Cave Location ACt'V? / Hydrothermalism CO;_ Tectonic / Reference
fossil degassing hydrogeology
Indian Burial USA, 86-119° C (T of the Emerson, 1952;
Cave Nevada F fluid inclusions) Green, 1991,
Halliday, 1957
From
Hurricane Crawl U_SA,_ A _ No upwelllng Davis, 1997
Cave California (river cave) phreatic
water
Crystal Sequoia U_SA,_ Davis, 1997
Cave California
USA, .
Goshute Cave F Halliday, 1954b
Nevada
USA Non karstic Kolesar and Riggs,
Devil’s Hole ; A Water table 34 °C X active exten- 2004
Nevada i
sional fault
Calcite folia
Gneiss Cave USA, Utah F coating onto a Green, 1997
gneiss wall
. USA, Davis, 1965;
Bida Cave Arizona Hill, 1982
. USA, .
Groaning Cave Colorado Davis, 1973
Agua Caliente USA, o
Cave Arizona A Cave at 38 °C McLean, 1965
Carlsbad Cave USA, F Carlsbad 20-25 °C Basin margin Davis, 1970
New-Mexico
Lechuguilla USA, o . . Davis, 2000;
Cave New-Mexico F Carlsbad 20-25 °C Basin margin Hose, 1992
Cinco Cuevas Cuba Nufiez-Jimenez,
(caverna de las) 1975
Pulpo Spain, A Water table 21 °C Ferrer Rico, 2004
(sima del) Murcia
Benis (sima de) Iapa”." A Water table 21 °C Ferrer Rico, 2004
urcia
. Water table 19 °C Artesian flow .
( rEtrtr:Iéz I') pFrraé:%ee’s A Thermal sulfidic X path in deep Bigot aﬂ?] l\lljcgbecourt,
9 Y spring 38 °C syncline pub.
AEEIEIETIEE 1 4 Durance active
Adaouste,(grotte FEIES, A = . X transcurrent Audra et al., 2002
deI) Provence Thermal springs
fault
along Durance fault
Pal-Volgy - Mat- . )
Hungary, . o Rim of the Takacsné Bolner,
yas-tiegy bar- Bud Hills F Springs 20-27 °C Danube rift 2005
ang
Joszef-hegy Hungary, . o Rim of the Takacsné Bolner,
barlang Buda Hills F Springs 20-27 °C Danube rift 2005
Molnar-Janos Hungary, A Water table 20-27 ° X Rim of the Takacsné Bolner,
Buda Hills C Danube rift 1993
Matyas-Farras Hungary Takacigz:?olner,
— Italy, Thermal spring 34 °© Forti and Utili, 1984;
L i) Tuscany . C 2 Piccini, 2000
Ryan Imperial Australia, .
Cave Queensland Jennings, 1982
Cubp- Turkmeni- 80-170° C (T of the Maltsev, 1997;
PP F fluid inclusions, from Basin margin Maltsev and Self,
Coutunn Cave stan

fluorite and calcite)

1993

oscillating water table, as a horizontal ring that covers
the walls, within a vertical range of several centime-
ters to decimeters as in Hurricane Crawl Cave, Cali-
fornia (Davis, 1997), and Devil’s Hole, Nevada

(Kolesar and Riggs, 2004).
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Folia are frequently associated with subaqueous
speleothems originating from calcite deposition in
supersaturated pools, such as cave clouds, calcite
rafts, tower cones, and coral towers. All of these

deposits are generally, but not systematically, induced
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by hypogenic degassing producing oversaturation in
the pools (Audra et al., 2002). Folia were first identi-
fied in Indian Burial Cave, Nevada (Emerson, 1952).
Currently, they are recorded in fewer than 25 caves
worldwide, some active, some inactive (Table 1).
Many of these sites are in thermal caves. However,
hydrothermal conditions do not seem to control the
presence of folia: the temperature of water and the
temperature of calcite crystallization deduced from
fluid inclusions range across a large spectrum (from
20 to 120 °C; Table 1), and Hurricane Crawl is a cold
epigenic cave.

Two main hypotheses have been proposed for the
origin of folia:

1. The oscillation of a saturated pool surface (Davis
1997). At the surface of supersaturated pools,
precipitation is due to evaporation (Halliday,
1954a; Davis, 1973; Jennings, 1982). Precipita-
tion can be due to strong degassing, trapped gas is
involved in shaping the folia growth around
bubbles, and water-level oscillations are essential
to explain upper and lower limits of the folia
(Davis 1997). Calcite precipitation occurs either
directly by particle accretion, or by accretion of
calcite rafts. Hill (1987) specifies that after the
lowering of the water, the sloping folia edges
developed like draperies, where calcite botryoids
(“popcorn”) may grow. Kolesar and Riggs (2004)
correlate folia with the water oscillation due to
earth-tidal waves, which would favor calcite
precipitation by degassing and subsequent satura-
tion of the capillary film during the lowering of
the water.

2. Phreatic degassing in thermal water (Green, 1991,
1997): the CO, bubbles originating from de-
gassing are trapped below wall irregularities.
These small gas pockets focus the precipitation of
calcite around the bubbles with downward-
orientated growth. Successive upward
“sloughing” produces the structure of inverted
rimstones. Thermal rising flow concentrates the
deposition below overhanging walls.

Regarding these hypotheses and observations as a
whole, Hill and Forti (1997) do not distinguish the
variety of physical settings (e.g. in perched pools,
water table, or shallow depth in the phreatic zone) and
come to no single explanation for folia genesis.
However, they admit a close relationship with the
water table and with subaqueous speleothems such as
cave clouds, as well as with pool speleothems such as
rafts.
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New evidence in The Adaouste Cave

The Adaouste Cave opens below the top of the Mira-
beau anticline. This fold is cut by the Durance water
gap, along an active transcurrent fault, lined by
thermo-mineral springs (Audra et al., 2002). Hy-
pogenic flow tends to converge toward the highest
places of buried aquifers, where discharge can occur.
Consequently, the outflow is located at the intersec-
tion between the anticline hinge and the water gap,
which acted as the regional base level. The Adaouste
Cave was probably active in the Tortonian (11 Ma), at
the beginning of the Durance water gap entrenchment.
The main entrenchment phase of the water gap oc-
curred in the Messinian (Clauzon, 1979). The cave
drained, became perched, and consequently has been
preserved from any further reworking. The tempera-
ture of homogenization (TH) of fluid inclusion, even
if not reliable, tends to shows a trend of temperatures
of crystallization higher than cold meteoric environ-
ment (Audra and Hiauselmann, 2004). Some ore
deposits in the neighborhood (Fe-Mn) are associated
with hypogenic karst and have preserved microbial
evidence in metallic pool fingers (Audra and Hof-
mann, 2004). The cave is made of two steep passages
following the anticline dip, which rise from about 200
m depth (Figure 3). These steep passages connect to
the horizontal upper levels (-18 and -27) which record
past water-table elevations (Audra et al., 2002). These
horizontal levels display intense condensation-
corrosion features, suggesting the presence of a
nearby thermal body (Audra et al., 2007). Below the
water table, corrosion concentrated in bubble trails. At
depth, carbon dioxide gas was trapped in blind bells
with a high pressure, giving rise to hyper-corrosive
atmospheres, where condensation-corrosion produced
boxwork at the ceiling, as well as drip holes (Figure
4). Simultaneously, degassing led to supersaturation
and massive calcite deposition, as various morpholo-
gies: botryoids (popcorn) above the water table; and
rafts, tower cones, folia, and coral towers, beneath the
water table (Audra et al., 2002). The water/gas inter-
faces are very clear, showing transition between
atmospheric corrosion and subaqueous precipitation
(Figure 5)

Folia and bubble trails in Penitents Chamber
Observations have been made in Penitents Chamber
(-124 m), together within the main passage above the
chamber (Figure 4). The diversity of subaqueous
corrosion and deposition features in this area allow us
to establish some relationships, particularly between
bubble trails and folia. The bubble trails converge
upward and can reach several meters in length before
connecting to blind domes (Figure 1A) or disappear-
ing where the overhanging walls become vertical. No
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Figure 5. Interface between a carbon dioxide-rich gas
pocket with walls corroded as boxwork (top) and
subaqueous calcite deposits below: folia below over-
hanging walls, tower cones below the caver (photo by
J.-Y. Bigot).

deposits are present in the bubble trails. When a
calcite coating occurs on neighboring walls, it is cut
by the bubble trails (Figure 1C).

Folia are developed continuously between -80 and
-120 m (Figure 3). In the upper part, they are uni-
formly corroded and partly covered with subaerial
popcorn. In the lower part, folia are not corroded. A
standing water level is visible in the Penitents Cham-
ber, around -110 m. The size of folia increases upward
in sequences several meters high. From these observa-
tions, we can deduce that:

o After their deposition, the highest folia (-80 to
-95 m) have been exposed to air by a water-table
lowering, then they have been corroded by
condensation-corrosion;

o The influence of condensation-corrosion is
intense in the upper horizontal levels, it de-
creases downwards, and seems to be absent
below -95 m.

o The lowest folia (-95 to -120 m) have been
deposited either simultaneously with upper ones,
with a vertical range of about 30m, or subse-
quently as the result of a water-table lowering;

e There is no evidence of any subsequent water-
table rising, since popcorn covering folia is not
covered with any new subaqueous calcite;

Advances in Hypogene Karst Studies

e The upward increase of folia size reflects the
upward increase of gas volume, both by the
degassing and by the addition of rising bubbles.

Folia bubbles

We observed several calcite bubbles inside the folia
hollows. We call these speleothems folia bubbles.
They are composed of calcite that forms at the water-
air contacts of bubbles, by centripetal growth. The
development of such features needs the presence of a
solution shifting to oversaturation at the water-bubble
interface. We suggest the following origin (Figure 6):

e A film of condensation water appears at the
vaulted solid top of the bubble, due to the
thermal gradient between the thermal water and
the rocky ceiling. The gradient is maintained by
thermal flux through the rock;

o In the high-CO, atmosphere of the bubble,
condensation water becomes hyper-aggressive;

e The corrosive water dissolves the calcite and
flows along the wall. This migration makes the
solution progressively saturated;

o At the base of the bubble, evaporation leads to
supersaturation;

e The calcite precipitates on the lower edge of the
folia. The precipitation zone propagates along
the bubble, at the water-bubble interface. Since
this process involving calcite redistribution
inside the cavity seems to be limited, calcite
particle accretion from the degassing water-body
may also participate to the building of the calcite
bubble.

Discussion: folia genesis and association
with bubble trails, a record of thermal
water-table dynamics

Rebuttal to the previous hypotheses
Oscillation of a saturated pool surface (Davis 1997).
The main argument supporting this hypothesis is that
the constant upper boundary of the deposit is a record
of the slow rise and fall of the water body. During
these oscillations, accretion of solid material grows
downward to enlarge the speleothem. Trapping of
bubbles when the water rises, or from degassing,
would accentuate this process. However, we identify
numerous arguments negating this hypothesis:

e The oscillation of a saturated pool is not suffi-
cient by itself to form folia, because such a
condition is present in all karst beneath a vegetal
cover, and yet folia are on the contrary extremely
rare.
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Figure 6. Left: folia bubble (photo by J.-Y. Bigot). The aperture is about 4 cm wide. Right: folia and folia bubble de-
velopment by condensation-corrosion at the top of the carbon dioxide bubble and then by calcite deposition through
evaporation at the base of the bubble, at the interface between gas and saturated water. The calcite closing the
bubble is shown in dark grey. White arrows show CO, degassing; red arrows show subaqueous calcite particle ac-
cretion; grey arrows show the growing direction of the folia.

e The systematic distribution of folia below

overhanging walls excludes a simple mechanism
of an oscillating pool, which would have similar
consequences on non-overhanging surfaces.
Except for their upper limit, folia never display
horizontal patterns which would record some
lower water surface.

Regarding the calcite texture, a random texture
would be expected from the accretion of parti-
cles or rafts; on the contrary, a dendritic texture
is observed deriving from the mechanical effect
of degassing (Maltsev, 1999).

The particular morphology of inverted rimstone
is never clearly explained.

Phreatic degassing in thermal water (Green, 1991,

1997). Following this author, calcite particles appear
after degassing due to sudden pressure reduction when
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the fluid expands from a small orifice; the thermal
buoyancy raises the particles and accretion occurs
around gas bubbles that are trapped below irregulari-
ties of the overhanging walls. This hypothesis is
consistent with our observations on the whole; how-
ever some statements do not seem to be relevant:

e Folia are frequently associated with thermal
fluids, but not systematically (Table 1).

e Decompression at constrictions sufficient to
cause bubbling by cavitation is not feasible
because cavitation requires flow velocities far
above those reasonably possible at all observed
sites.

New perspectives for the genesis of folia
Since previous hypotheses are not or only partly
relevant, respectively, we propose a new process to



explain the genesis of folia, partly based on Green’s
(1991, 1997) hypothesis:

o Below the water table at shallow depth, CO,
degassing produces bubbles rising toward the
surface;

o The bubbles are trapped beneath irregularities in
the overhanging walls, and when the spaces are
filled the bubbles slough upward into the next
hollow; We effectively observed such underwa-
ter process in grotta Giusti (Tuscany, Italy)
(Piccini, 2000).

e Degassing makes the solution supersaturated,
which produces ubiquitous calcite precipitation,
except in hollows filled with bubbles. Calcite
protrudes outward and downward from wall
projections to form the lower edges of the folia.
By positive feedback, the size of each trapped
bubble increases, and so on.

The folia bubbles clearly show crystallization at the
gas-water interface. Consequently, the genesis of folia
in subaqueous conditions, due to hypogenic de-
gassing, is demonstrated here. Trapping of bubbles is
admitted by both Green (1991) and Davis (1997), as
the main consequence for degassing, or as a secondary
factor occurring when water rises, respectively. We
demonstrate that the trapping of bubbles from a strong
degassing is essential to obtain the typical hollow
morphology of inverted rimstones. Their size in-
creases upward by addition of rising bubbles. Conse-
quently, we think that folia are almost
exclusively associated with degassing
from a hypogenic origin. Only two
extremely rare cases mimicking the
hypogenic environments were identi-
fied in non-hypogenic settings: (1)
Hurricane Crawl Cave, where de-
gassing into saturated pools is due to
the inflow of epigenic water originat-
ing from a mountain karst with dense
vegetation; (2) cuevas de Bellamar -
El Jarrito, Cuba (Hall, 2008), where
the air is mechanically trapped by tidal
fluctuations.

The thermalism does not seem to be a
necessity, even if frequent. Rising
hypogenic flow looks more adequate
to explain both the folia morphology
and the degassing.

We also demonstrate that folia de-
velop by degassing at shallow depth
below the water table, no deeper than

about 30 m (Luiszer, 1997). Sudden permission).
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degassing deeper in the phreatic zone by decompres-
sion at the outlet of constriction is unlikely. The water
table acts as the upper boundary, the lower boundary
corresponds to the lower limit of degassing. Both
boundaries determine the vertical range of the folia
deposits. In these conditions, a water-table oscillation
(such as in Devil’s Hole) is not necessary; it is only
occasionally present. The small vertical range of folia
in Hurricane Crawl Cave could correspond to some
sediment filling which may since have been removed.
Regarding the maximum vertical range of the folia,
few data are available. They reach about 40 m in
Lechuguilla Cave, and 30 m at Adaouste. Such a
depth is compatible with the depth of degassing, and
also with the amount of water-table lowering that is
documented in Adaouste.

Association between bubble trails and folia
Many bubble trails emerge from folia or cupolas
where carbon dioxide has been concentrated (Figure
7, 1A). The juxtaposition of both features, with a
sharp transition lacking any overlap (in the strati-
graphic sense), shows that they are coeval. Moreover,
their association shows they originate from a common
process, i.e. carbon dioxide degassing. Their associa-
tion is controlled by wall geometry: if an overhanging
wall is absent, the bubbles rise vertically in the water:
neither folia nor bubble trails develop; below a convex
-downward overhanging wall, the bubbles pour from
folia into folia while diverging; below a concave-

Figure 7. Folia in Pal-Vélgy barlang, Hungary. Arrows indicate cupolas
where gas bubbles are trapped and where intense corrosion showing bare
rock is clearly visible, whereas walls are covered with a thick folia coating.
The flowstone in the center developed after draining (photo by A. Kiss, with
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downward overhanging wall, the bubbles converge
toward an invariable trajectory, and a bubble trail
gradually appears in the wall; the bubble trail could
reach a cupola, from which another bubble trail
emerges.

Record of paleo-water tables

In the Adaouste Cave, the vertical range of the folia,
their corrosion in the upper part, and their absence
below -120 m, allows us to reconstruct the lowering of
the thermal water table (Figure 3). It demonstrates:

o The presence of a thermal water table at about -
80 m, at the boundary between popcorn corro-
sion above and of folia deposition below;

e The lowering of the water table to the top of the
Penitents Chamber (= -110 m). This lowering
caused the smoothing by condensation-corrosion
of the overlying folia and the development of the
underlying folia.

e The distribution of folia record the recession of
thermal activity in the Adaouste Cave.

Non-carbonate features and the term folia
Some features resembling folia are made of minerals
other than calcite:

¢ In clay: Cave of the Winds and Orient Mine
Cave, Colorado (Davis, 1982, 1984, 1997), Vass
Imbre barlang (Maucha, 1993), and Matyas-
Farras, Hungary (Takacsné Bolner, 1993).
However, their morphology differs significantly:
rims do not overlap and do not form individual
inverted cusps. Since they are much too soft to
be generated by oscillating water, these clay rims
are apparently produced by the regular lowering
of a turbid water body (Green, 1997);

o In halite: Liquid Crystal Cave, Israel. Initially
published as folia (Frumkin, 1997). Actually
they correspond to rimstone shelves (Frumkin,
personal communication).

o In sulfur: Cueva de Villa Luz (Hose et al., 2000;
Hose, pers. comm.). Soft sulfur forms inverted
and overlaid hollowed cusps. Some are similar to
coalescent mushroom caps with a flat bottom.
They develop in confined areas in very acid
atmosphere close to the sulfur springs. Their
genetic process is still enigmatic; however they
appear to develop in the air, maybe under the
influence of acid gas convection.

Despite the visual similarities of these features in non-

carbonate material, they are not related to the process
of bubble trapping. Sulfur features would develop
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from sulfuric gas convection by crystallization of
sulfur. For the mud features, the genetic process is not
physico-chemical, it rather involves mechanical
processes, by the transport of solid particles (in
phreatic conditions by lowering of levels of turbid
water, or by thin sheets of runoff over walls). Their
morphology, roughly as horizontal ribs, with flat
bottoms in the case of sulfur folia, do not display
holes capable of trapping bubbles. Their genetic
process, although still largely unknown, is hardly
similar to that of folia. Consequently, we think that
true folia are exclusively made of calcite; we suggest
restricting “folia” to a precise descriptive term for
downward-concave calcitic features, and by extension
to a genetic term, since these features are associated
with a given process. Similar features that owe their
existence to different genetic processes should have
different names, to avoid confusion.

Conclusions

Folia clearly seem to be connected to hypogenic flow.
Hydrothermal conditions are typical; however they do
not seem necessary, as long as a strong carbon dioxide
degassing is present. The original hydrothermal
hypothesis was initially proposed at a time when
hypogenic caves were mainly considered hydrother-
mal, which is only one aspect of hypogenic speleo-
genesis, neither systematic nor a principal feature
(Klimchouk, 2007).

Folia cover large areas and have unambiguous mor-
phology. Consequently, their occurrence seems to be
strongly correlated to a carbonic acid, hypogenic
context, involving degassing at shallow depth below
the water table. Similar features that occur in non-
hypogenic context (e.g., in halite or clay) are clearly
different, from both a morphological and a genetic
point of view. Their inclusion in the term “folia”
should be abandoned.

The appearance of folia results from the following
combination: (1) strong (hypogenic) degassing below
the water table making bubbles and leading to super-
saturation; (2) overhanging walls; (3) trapping of
carbon dioxide bubbles, making calcite precipitate at
the periphery of bubbles, in a downward growth. If the
overhanging wall geometry is dihedral, then there is
an association between folia and bubble trails. Folia,
and moreover the association between folia and
bubble trails, can be considered a very reliable record
of hypogenic conditions.

The hypothesis of an oscillating supersaturated water
pool must be abandoned. First, because folia formed
in this way should be widespread, when in fact they



are extremely rare. Moreover, this hypothesis does not
give a global explanation for the specific morphology
of folia, such as inverted rims.

Since degassing occurs at shallow depth below the
water table, folia and bubble trails can also be consid-
ered a precise record of the water-table position,
located at the top of the folia zone.
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EXAMPLES OF HYPOGENIC KARST
COLLAPSE STRUCTURES:
TWIN CITIES METROPOLITAN AREA, MINNESOTA, USA

Kelton D. L. Barr
Braun Intertec Corporation, 11001 Hampshire Ave. S.,
Minneapolis, MN 55438 USA; kbarr@braunintertec.com.

Abstract

Three collapse structures in the Twin Cities Metro-
politan Area, USA, may be products of hypogenic
karst processes. The features are associated with
deeply entrenched bedrock valleys, one the current
Mississippi River and the other two buried by glacial
drift. These valleys have been discharge points for
regional groundwater flow systems.

The most recent occurred in October, 2005 in Wood-
bury, Minnesota in a newly constructed infiltration
pond excavated into the subcropping St. Peter Sand-
stone. The collapse event created several sinkholes on
the sides and bottom of the pond. Excavation of three
of twelve sinkholes revealed a major collapse struc-
ture comprised of several breccia pipes. These pipes
are at least 10 to 15 m in diameter and extend up

E. Calvin Alexander, Jr.
Dept. of Geology and Geophysics, 108 Pillsbury Hall, 310
Pillsbury Dr. SE., Univ. of Minnesota, Minneapolis, MN USA

through almost 20 m of friable St. Peter from the
underlying Prairie du Chien Group.

A second occurred in 1989 in Mahtomedi, MN. A
hole 12.8 m wide and 11 m deep opened suddenly.
Both of these collapses developed adjacent to river
valleys buried under glacial sediments.

The oldest feature is in eastern Minneapolis near the
Mississippi River gorge. This closed depression in the
land surface was incorporated into a park when
Minneapolis was platted. This depression extends
through the subcropping Platteville Formation to a
large void in the underlying St. Peter. A 250 meter
long cave in the St. Peter extends between the collapse
and the Mississippi River with typical passages 15
meters wide and 6 meters high.

Decorah Shale

Platteville Fm, &
Glenwood Shale

St. Peter
Sandstone

Prairie du Chien
Group

Jordan
Sandstone

St. Lawrence &
Franconia
Formations

Figure 1. Locations and bedrock geology of collapse structures in Twin Cities metropolitan area. DW=Dancing
Waters, M=Mahtomedi, 34/CR=34" Street/Channel Rock. Present or buried bedrock valleys are denoted by
dashed lines. Base map from Mossler and Tipping (2000); cross section from Runkel et al. (2006).
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Recent investigations of the Prairie du Chien have
found extensive solution enlargement features on a
regional scale; these features have several characteris-
tics diagnostic of hypogenic speleogenesis. The
possibility of other breccia pipes in the St. Peter
within the metropolitan area is both probable and
problematic.

Introduction

The recent work by Klimchouk (2007) has advanced
the understanding of the formational processes operat-
ing in hypogenic karst. Application of these insights
has assisted in the re-interpretation of karst features
within several caves (Alexander ef al., 2008) and
buried karst features (Barr and Klimchouk, 2007; Barr
et al., 2008) in the Paleozoic formations of Minnesota.
In addition, recent work by Runkle et al. (2003, 2000),
Tipping et al. (2001, 2006) and others have begun
reinterpreting the hydrostratigraphy of southeastern
Minnesota using both outcrop and downhole informa-
tion.

In particular, this examination of the Prairie du Chien
Group, a predominantly dolomitic unit of Ordovician
age, has found extensive development of secondary
porosity throughout much of its areal extent in south-
eastern Minnesota. This unit overlies the Jordan
Sandstone and underlies the St. Peter Sandstone, both
orthoquartzite sandstone aquifers with silicic or
minimal calcic cementation (¢f- Section A-A’, Figure
1). The Prairie du Chien is situated generally in the
middle of the Paleozoic sequence of sedimentary
formations with additional aquifers near the base and
the top of the sequence. Thus, the Prairie du Chien can
be seen as an ideal case for hypogenic speleogenesis
in the discharge portions of the regional flow systems.
Indeed, where Prairie du Chien karst has been de-
nuded and is accessible, the passageways are anasto-
mosing and maze-like with the cave porosities and
areal coverage in conformance with hypogenic set-
tings.

Within the Twin Cities metropolitan area the Prairie
du Chien is subjacent to denuded environments (cf.
Klimchouk, 2007), but generally is located beneath
other geologic units and the water table. A series of
valleys have been eroded into the bedrock formations
(see Figure 1); most of these valleys are presently
filled with glaciofluvial deposits. Like the bedrock
valleys in the metropolitan area that are presently
occupied by rivers, these buried bedrock valleys are
thought to have been regional discharge points for
groundwater flow systems when the valleys were
occupied by functional rivers. Consequently, the
portions of the Prairie du Chien in the discharge
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portion of the regional flow system have changed
through geologic time, likely causing the development
of hypogenic karst within the Prairie du Chien to
occur throughout most of the Prairie du Chien in the
metropolitan area.

As can be seen in the Twin Cities bedrock geology
map in Figure 1, the Prairie du Chien is overlain by
the St. Peter over much of the Twin Cities. The cross
section inset in Figure 1 shows that almost all of the
bedrock is overlain by glacial deposits in the area,
obscuring karst features that may be present on the
bedrock surface. However, one implication of the
formation of hypogenic karst is the possible develop-
ment of breccia pipes in the formations overlying the
hypogenic karst. These vertical collapse structures can
form from outlet cupolas and dome pits within the
karstified unit (Klimchouk and Andrejchuk, 2005).
Several collapse structures associated with possible
breccia pipes have been identified within the Twin
Cities metropolitan area. The locations of these
structures are shown on Figure 1 and their attributes
are discussed below.

Dancing Waters collapse structure

The most recent collapse structure is in Woodbury,
Minnesota, in the southeastern portion of the metro-
politan area. On October 4™ and 5™, 2005 a newly
constructed infiltration basin in the Dancing Waters
subdivision, named Dancing Waters Pond, filled for
the first time; by October 8" more than 6,000 m* of
water had disappeared into twelve sinkholes that
developed on the floor and walls of the basin (Figure
2). The subsequent investigation of the newly created
sinkholes found that the basin had been excavated
through the surficial glaciofluvial sediments and

Advances in Hypogene Karst Studies

Figure 2. Sinkholes in Dancing Water Pond, Wood-
bury, Minnesota (looking southwest). Picture taken
October 12, 2005 by E. C. Alexander, Jr. Long axis of
left sinkhole (longest arrow) is approximately 9 m.



Figure 3. Western breccia pipe, Dancing Waters
Pond. Note open fractures at base of excavation. Tape
measure (circled in red) is extended into the fracture
for its maximum length (7.6 m). Photo by K. Barr.

approximately 10 meters into the subcropping St.
Peter Sandstone and that this basin floor was approxi-
mately 20 meters above the contact with the underly-
ing Prairie du Chien Group.

Further investigation found that the sinkholes clus-
tered on the floor of the basin were associated with a
series of open fractures, many filled with glaciofluvial
sediments as well as the earthen materials used for the
basin’s liner. These fractures’ orientations were
largely different from the major joint orientations in
the intact sandstone and were predominantly dipping
at 45° + 10°. Furthermore, these fractures were
generally found around the periphery of the excava-
tion of the main collapse site shown in Figures 3 and
4. These open fractures were dipping away from at
least two common centers, spaced around a circular
perimeter with a diameter of 10 to 15 meters. Inside
the perimeter the sandstone was found to be com-
prised of numerous large blocks of sandstone with
their interstices filled with glaciofluvial sediments and
reworked St. Peter sands (Figures 3 and 4).

It was concluded that the sinkholes were created by
the stormwaters’ flushing and reactivation of the
fractures and voids associated with a breccia pipe or
several breccia pipes extending upward from the
Prairie du Chien, the top of which had been inter-
sected by the excavation of the basin. Examination of
topographic maps and aerial photographs of the
vicinity did not reveal any surface expression of the
breccia pipe(s) at the basin location prior to its exca-
vation. The Dancing Waters collapse structure is
approximately 2 % kilometers east of a major north-
south trending buried bedrock valley (Lake EImo
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Figure 4. Eastern breccia pipe, Dancing Waters Pond.
Note that the outer perimeter of the truncated top of
the breccia pipe is filled with dark topsoil/pond liner
material. (Western breccia pipe is in hole in front of far
orange fence.) Photo by K. Barr.

Valley) eroded through the Prairie du Chien and
approximately 7 kilometers west of the north-south
trending St. Croix River valley (see Figure 5). Bed-
rock topography of the area mapped by Patterson et
al. (1990) and Mossler and Tipping (2000) indicate
that the basin is underlain by a minor valley extending
from the St. Croix River valley to the west-northwest
and intersecting with the Lake Elmo Valley; a com-
plementary tributary valley is found on the opposite
side of the Lake Elmo Valley, also trending west-
northwest. Although this area is overlain by up to 100
meters of glacial deposits, obscuring most features,
the consistent tributary valleys’ trend which is or-
thogonal to the strike of the Afton Anticline to the
southeast suggests structural control of the valley
which may contribute zones of weakness for the
formation of breccia pipes within the tributary valley
and the Dancing Waters Pond vicinity.

Mahtomedi collapse structure

A second collapse structure developed in 1989 in
Mahtomedi, Minnesota (see Figure 6). A sinkhole
appeared overnight, creating a hole 12.8 m wide and
11 m deep. While photographs exist showing the walls
of the collapse in glacial drift (Figures 7A and 7B),
the report of the sinkhole’s characteristics and the
subsequent subsurface investigation is no longer
available. However, the location is mapped by
Mossler and Tipping (2000) and Mossler and Bloom-
gren (1990) as being underlain by subcropping St.
Peter Sandstone. The collapse structure was one-half
kilometer to the west of a buried bedrock valley, the
west fork of the Lake Elmo bedrock valley that
extends generally to the south-southwest.
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Figure 5. Geology of Dancing Water vicinity. Dancing Waters collapse structure is indicated by star. Location of
nearby buried bedrock tributary valley is indicated by dashed line. Base map from Mossler and Tipping (2000).
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Figure 6. Geology of Mahtomedi vicinity. Mahtomedi collapse structure is indicated by star. Location of nearby
buried bedrock valley is indicated by dashed line. Base map from Mossler and Tipping (2000).
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Figure 7. Collapse structure, Mahtomedi, Minnesota. Both 7A (left) and 7B (right) show the glacial till walls of the
collapse. Note the small tree in 7B (right) that dropped into the collapse. Photos from D. Setterholm.

34"™ Street Sinkhole, Minneapolis

A much older collapse structure is found in eastern
Minneapolis near the center of the metropolitan area,
just south of 34" Street East and a few blocs west of
the Mississippi River. A sinkhole in the subcropping
Platteville Formation predates the settling of Minnea-
polis, and the surficial depression comprises the
circular Seven Oaks Park. The Platteville Formation is
an Ordovician dolomitic limestone unit approximately
10 meters in total thickness in the metropolitan area.
In 1935 as a sewer tunnel was excavated along the
river bluff approximately 130 meters east of the park
another associated feature was encountered, a large
void within the St. Peter. The “L”-shaped void, called
the Channel Rock Cavern, extended approximately
120 meters west, then approximately 170 meters to the
south (Figure 8A). The passageway’s ceiling is the
base of the Platteville Formation, or remaining ves-
tiges of the 1-meter-thick Glenwood Shale underlying
the Platteville. The floor of the passageway was
originally quite irregular with large blocks of sand-
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stone, so that the height of the passageway varied
from approximately 5.5 to 10 meters. Shortly after its
discovery, the tunneling operation used the cavern for
disposal of mined sand from the St. Peter, half-filling
the cavern for most of its length. The width of the
passageway ranges from approximately 11 to 18
meters.

The location of Channel Rock Cavern with respect to
the 34™ St. Sinkhole is shown in Figure 9. While both
features are very close to the Mississippi River valley,
the cavern was not found to have a naturally occurring
opening to the river gorge. (An opening was exca-
vated shortly after the cavern’s discovery; subse-
quently it has been barricaded.) Along the passageway
walls still exposed there is one side passageway
(Figure 8B). This passageway trends east-west and
extends approximately 10 meters before narrowing to
several open, dipping fractures.
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Figure 8. Channel Rock Cavern, Minneapolis, Minnesota. 8A (left) shows a transverse perspective of the sand de-
posited in the cavern and the base of the Platteville Fm. Comprising the ceiling. 8B (right) shows the side passage-
way which continues via the hole above the seated person. Photos by J. Lovaas.

There has been no further investigation of these River gorge in the Twin Cities, on the opposite side of
features. However, it can be seen from Figures 10A the valley. Also, the alignment of the back portion of
and 10B that the sinkhole and cavern align with the passageway correlates well with other features
Shadow Falls, a major side valley of the Mississippi further south along the gorge wall and the general

Figure 9. Location of
the 34" Street sinkhole
(circled in red) with
respect to Channel
Rock Cavern (pink and
blue areas on inset
map. Mississippi River
on far right side of
figure.
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Figure 10A.
Locations of 34"
Street sinkhole and
Shadow Falls side
valley. Note the
pair of side valleys
aligned with each
other south of
these features.

Figure 10B.
Alignment of
land surface and
cavern features.

alignment of the river reach immediately downstream
of the sinkhole. Both of these alignment trends corre-
late closely with joint patterns observed in the Platte-
ville at two other locations in eastern Minneapolis
shown in Figure 11. These correlations suggest that
the occurrence and location of the sinkhole and cavern
may be due to local weaknesses defined by the struc-
tural geology.

The adjacent Mississippi River gorge is the youngest
bedrock valley in the Twin Cities metropolitan area,
and the upstream progression of St. Anthony Falls —
now situated 11 km upstream — passed the sinkhole’s
vicinity approximately 7,500 years ago (cf- Wright,
1972). Since that time, the Mississippi River gorge
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has been a regional discharge point for the metropoli-
tan area flow systems. An older buried bedrock valley,
generally trending north-south, that underlies Lakes
Nokomis, Hiawatha, and Powderhorn, is approxi-
mately 2% km west of the sinkhole.

Summary

Reexamination of the hydrostratigraphy of the Paleo-
zoic units in Minnesota, along with the application of
hypogenic mechanisms for speleogenesis indicate
that hypogenic karst has likely developed in many
portions of the Prairie du Chien Group in the Twin
Cities metropolitan area. A preliminary examination
of the surficial geology of the metropolitan area for
collapse features has yielded three such features that,
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with varying degrees of rigor based upon the current
status of investigation of the features, indicate the
presence of breccia pipes extending through the St.
Peter, any overlying bedrock units, and the glacial

Acknowledgements

The authors wish to thank the City of Minneapolis
Sewer Department for granting access to Channel
Rock Cavern and Braun Intertec for providing health

and safety assistance during the visit to Channel Rock
Cavern. We also thank Mr. John Lovaas for providing
photographs of Channel Rock Cavern and Mr. Dale

Setterholm (Minnesota Geological Survey) for provid-

overburden. The locations of these breccia pipes may
be related to their proximity to a bedrock valley that is
currently or was formerly a regional groundwater
discharge point. There is also suggestive evidence of

structural geologic features providing points of
weakness for breakthrough of upwardly migrating
groundwater. Considering that there are a number of
buried bedrock valleys in the metropolitan area and
the potential complexity of structural features within
the Twin Cities Structural Basin, these combined
hydrogeologic and structural conditions may have
occurred in a number of other locations around the
metropolitan area. Any breccia pipes already formed

in those locations may have been buried by the glacial

deposits now covering the area’s surface. The possi-

bility for other breccia pipes in the St. Peter within the

metropolitan area is both probable and problematic.
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ing photographs of the Mahtomedi collapse structure.
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STRUCTURAL AND FACIES CONTROL OF
HYPOGENIC KARST DEVELOPMENT
IN THE GUADALUPE MOUNTAINS, NEW MEXICO, USA
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Abstract

The Guadalupe Mountains are the exhumed remnants
of a Permian reef complex uplifted beginning around
21 million years ago. The caves of the Guadalupe
Mountains were formed by the mixing of deep-
circulating meteoric water and hydrogen-sulfide-rich
brine derived from surrounding oil and gas deposits.
Cave development was controlled by fracture zones,
faults, and structures associated with Permian and
Tertiary tectonics.

Cave development shows strong linear trends that are
correlative to broad structural trends in the Guadalupe
Mountains and reflect fracturing, faulting, and folding
during uplift. Some anticlinal features reflect deposi-
tion of Permian sediments across syndepositional
faults. Many of these syndepositional faults can be
observed in the caves and exhibit a strong influence
on both overall passage trends and on passage charac-
ter.

There are large breccia zones associated with synde-
positional faults, forereef deposits, and possibly
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development of paleokarst. In these areas, cave
passages typically change from large, linear trunk
passages to complex spongework mazes of smaller
passages. Forereef deposits, paleokarst, and paleo-
channels through the reef can also be preserved as
breccia zones and have a similar effect on passage
character.

While overall speleogenesis crossed formational
boundaries, lithology had some influence on passage
character. The backreef units contain more rectilinear
maze-type passages than the underlying reef and
forereef units. Large trunk passage development is
prevalent in the Capitan formation, especially along
the reef/forereef transition. Other facies changes such
as alternating layers of siltstone and dolomite, and
development of tepee structures exhibit significant,
but more localized controls on passage character.

Introduction

The Guadalupe Mountains (Figure 1) are the exhumed
remnants of a Permian reef complex formed along the
edge of an inland sea beginning around 254 Ma and

Figure 1. Area
map of Guadalupe
Mountains and
Carlsbad Caverns
National Park.
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During growth of the reef, large blocks of cemented
material and other gravity-driven deposits were shed
into the deeper water of the basin. These deposits
make up the breccia or foreslope member of the
Capitan Formation and are also characterized by early
marine cementation (Newell et. al, 1953).

On the shelf landward of the reef, alternating layers of
carbonate siltstones (lower sea level) and dolomite
(elevated sea level) were deposited in lagoonal envi-
ronments that varied from unrestricted to restricted
marine conditions. These deposits are represented by
the backreef Seven Rivers, Yates, and Tansill forma-
tions (Newell et. al, 1953).

Around 251 Ma, the connection between the inland
sea and the open ocean began to close off, leaving a
thick sequence of evaporite deposits subsequently
overlain by an accumulation of younger sediments
through the early Tertiary (Hill, 1996). These younger
sediments began to be eroded away during the devel-
opment of the Laramide-aged Alvarado Ridge 35-38
Ma. This ridge was a broad topographic feature that
extended from southern Wyoming, through west
Texas and into northern Mexico (Eaton, 1987). During
Basin and Range extension beginning around 21 Ma,
the Alvarado Ridge was broken into smaller structural
blocks, including the Guadalupe Mountains. Neither
of these tectonic periods resulted in major deforma-
tion, but caused minor tilting (less than 10 degrees)
and fracturing of the Permian rocks. It was these
fractures that became the major pathway for fluid flow
and cave development.

Advances in Hypogene Karst Studies

Figure 2. General stratigraphy of the Guadalupe Mountains and

The Guadalupe Mountains possess few characteristics
of karst areas; there are few sinkholes and karst
springs and the lack of surface stream flow is more a
reflection of the area being part of a desert than the
presence of subterranean pathways for the water.
Early explanations of cave development still focused
on underground streams and traditional models of
carbonic acid speleogenesis. The presence of large
deposits of gypsum and other unusual mineral depos-
its coupled with the lack of fluvial features led re-
searchers to develop a model of hypogenic cave
development where sulfuric acid was the primary
agent of dissolution. Early ideas examined the source
of sulfuric acid being oxidation of pyrite from the
backreef units (Hill, 1987). More recent studies have
shown that sulfuric acid is related to the oxidation of
hydrogen sulfide generated from the oil and gas
deposits surrounding the Guadalupe Mountains
(Jagnow et. al., 2000).

Initial fracture enlargement and solution of the Per-
mian rocks took place as the result of strong ground-
water flow from the upland areas of the Alvarado
Ridge developed between 35 and 38 million years ago
(DuChene and Cunningham, 2006). Larger passages
were then formed by the mixing of deep-circulating
meteoric water and hydrogen-sulfide-rich brine
derived from surrounding oil and gas deposits begin-
ning 12-15 million years ago (Palmer and Palmer,
2000, Polyak et al. 1998). The sulfuric acid speleo-
genesis formed large, irregular rooms and three-
dimensional spongework passages (Palmer and
Palmer, 2000).
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Table 1. Paleokarst fill and breccias (after Kosa, 2003).

Type

Characteristics

Matrix

Depositional Environment

Limestone / dolo-
mite and related
breccia (LB)

Microspar-
lithified breccia
(MSB)

Spar-lithified
breccia

Beige dolomitic
silt/sandstone
and related brec-
cia (DS, DSB)

Carbonate-rich
breccia (CB)

Pink and red
dolomitic silt/
sandstone to silt/

Massive, laminated fill or chaotic breccia.
Breccia contains angular clasts of
platform carbonates and siliciclastics,
and earlier paleocavern fills

Chaotic or layered breccia with angular
to rarely rounded or etched clasts of
platform carbonates and siliciclastics,
and earlier paleocavern fills

Breccia with angular clasts rarely etched
on edges made up of platform carbon-
ates and siliciclastics

Massive, crudely laminated; breccia is
chaotic, layered, and graded with
irregular, etched clasts of platform
carbonates, siliciclastics, and earlier
paleocavern fills

Massive and laminated; breccia is cha-
otic, layered, and graded with angular
to rounded clasts of host-rock carbon-
ates, siliciclastics, and earlier carbon-
ate-rich fills

Massive and laminated; breccia is cha-
otic, layered, and graded with angular
to rounded (rarely etched) clasts of

Lime mudstone to

lime/dolomite grain-
stone with Permian

bioclasts

Fine calcite spar with

Permian bioclasts

Blocky calcite spar

Dolomitic silt/
sandstone with
Permian bioclasts

Siliciclastic-bearing
dolomudstone-
packstone with
Permian bioclasts

Siliciclastic-bearing
dolomite to dolo-

mitic silt/sandstone

Solution collapse breccias with plat-
form-derived carbonate matrix;
highstand deposits

Chaotic and traction-reworked solu-
tion/collapse breccia; spar replac-
ing primary carbonate or evaporite
matrix

Fault-related cataclastic breccia, solu-
tion collapse breccia, sedimentary
breccia; calcite spar replacing pri-
mary carbonate or evaporite ce-
ment/matrix

Solution collapse breccias with plat-
form-derived siliciclastic matrix;
lowstand deposits

Chaotic and traction-reworked solu-
tion/collapse breccia with matrix of
mixed platform-derived lime mud
and lowstand silicilastics; trans-
gression/regression deposits

Origin as of DS, DSB, and mainly CB
lithologies modified by mineraliza-
tion by oxidized Fe and Mn and by

host-rock carbonates, siliciclastics,
and earlier carbonate-rich fills

sand-bearing
dolostone and
related breccia
(P, PB, Rd, RdB)

with Permian bio-
clasts

early dolomitization

Hydrologic control

The vertical distribution of cave passages was con-
trolled by changing groundwater flow conditions
caused by uplift and faulting of the meteoric catch-
ment area (Polyak, et. al 1998; DuChene and Cun-
ningham, 2006) and downcutting of the Pecos River
Valley. Changes in hydrologic conditions lowered the
mixing zone with time, creating distinct cave develop-
ment levels identified by many authors (Jagnow,
1977; Hill, 1987; Polyak et al., 1998). The primary
focus of this paper, however, is on the spatial distribu-
tion of cave patterns and the controls on lateral cave
development.

Structural control

Major faults and folds in the Guadalupe Mountains
were controlled by sediment compaction in the Per-
mian, and Permian to Tertiary tectonics. The east-
northeast trend reflects the development of fractures
parallel to the shelf margin and developed as a result
of sediment loading during deposition, as the massive
reef overstepped reef talus. The north-northwest trend

Advances in Hypogene Karst Studies

is younger, and is related to later uplift associated with
the growth of the Alvarado Ridge (Harvey DuChene,
written communication, 2009).

Jagnow (1977) documented the coincidence of major
fault and fold trends in the Guadalupe Mountains with
fractures and cave passage orientation mapped in
Carlsbad Cavern. Similar relationships between
regional structural trends and Lechuguilla Cave
passage orientation have also been well documented
(Jagnow, 1989 and Palmer and Palmer, 2000). While
the timing of some of the structures in the Guadalupe
Mountains is still problematic (Hill, 1996), there is
clear influence of the structure and fracture patterns
on overall cave development (Figure 3).

Local structures can also strongly influence cave
development. Dry Cave on McKittrick Hill west of
Carlsbad appears to be developed around the center of
a dome in the backreef (Figure 4). Dips measured at
points throughout the cave show a consistent trend
away from a central high point (Allison, 2009). This
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Figure 5. Profile view of Slaughter Canyon outcrop showing variable fill types in solution-modified syndepositional
faults (from Kosa and Hunt, 2006). Also note the way bedding appears to drape over fault tips resembling shallow
antiforms.

feature may be a bioherm, patch reef, or other positive (202 km long), both within the boundary of Carlsbad
feature underlying the backreef sediments (Noe and Caverns National Park. Carlsbad Cavern penetrates
Mazzullo, 1994). the Tansill, Yates, and Capitan formations. Lechu-
guilla Cave (Figure 8) penetrates the Yates, Seven
Syndepositional faults Rivers, and Capitan formations and possibly the Goat
Hunt and others (2002) did extensive mapping of Seep and Queen formations (Palmer and Palmer,
stratigraphy in Slaughter Canyon and Rattlesnake 2000). Both caves provide access to extensive three-

Canyon in Carlsbad Caverns National
Park. They found significant synde-
positional faulting and associated
breccia zones, filled fractures, miner-
alization, and localized paleokarst
development (Kosa, 2003). Many of
these faults are represented by
chaotic breccias at depth but grade
upward into sediment filled fractures
and in some cases are represented
only as small folds in the backreef
units (Figure 5).

While many of these structural
features can be observed in outcrop
and on aerial photographs, their
influence on cave development is
best mapped in the subsurface. The
most extensive caves in the Guada-

lupe Mountains are Carlsbe}d Cavern  Figure 6. Fault exposed in Glacier Bay (oblique view) with person for scale
(48 km long) and Lechuguilla Cave  — NPS (photo by Stan Allison).
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dimensional views of the geology and
allow for direct observation of geo-
logic structure and features that have

influenced cave development. Many of

the features seen in these two caves
can be observed in caves throughout
the Guadalupe Mountains, but Carls-
bad and Lechuguilla will be used as
representative examples.

The entrance of Lechuguilla Cave has
long been thought to have formed
along the crest of a small anticline
(Jagnow, 1989). Breccia seen in the
entrance pit and throughout the en-
trance series of the cave suggests that
passage development is controlled by
a syndepositional fault that is repre-
sented by an antiform near the cave
entrance and by breccia deposits
within the cave. Boulder Falls was
mapped to coincide with a vertical
breccia “dike” (Palmer and Palmer,

Figure 7. Fault Breccia in Quasimodos Lair, Far East, Lechuguilla
Cave (photo by Paul Burger).

2000). An obvious fault can be seen in the wall in The Firefall Hall — Quasimodos Lair in the Far East
Glacier Bay and appears to be aligned with the trend section of Lechuguilla (Figure 8) is a major passage
of the entrance series (Figure 6). The coincidence in that cuts 122 meters vertically through formational
orientation of these features suggests they are related boundaries from the Capitan all the way into the

to one significant fault that can be traced from the backreef. At the upper terminus of the room, it is clear

Entrance to Glacier Bay over 470 m.

that the passage has developed along a significant

Lechuguilla Cave

Carlsbad Caverns National Park

White Roses 3
. Western D
Chandelier
=B Graveyard o 8-
_ NI
'C\:Ahandelier Far East
aze
N Branch

GlacierBay

. Quasin]odos
Entrance 2 Rl
2 Lake of the

0 150 300 600
T \Veters

Figure 8. Lechuguilla Cave (orange: mapped breccia; green: forereef breccia; red: observed fault trends; blue to
purple shows increasing concentration of maze passages).
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fault (Figure 7). This fault has no expression on the
surface above the cave but has clearly influenced
passage development. This shows both the difficulty
in using surface mapping to predict cave development
and illustrates the usefulness of the underground
outcrops accessible in Guadalupe Mountain caves.

The route down to Lake of the White Roses in the Far
East part of Lechuguilla Cave is a steeply descending
fissure. The hanging wall of this passage is a breccia
with subangular clasts up to 20 cm wide and the
footwall contains no breccia. This fissure is not
oriented parallel to the main reef trend and is unlikely
to represent the contact between the massive and
forereef members of the Capitan Formation. More
likely this fissure represents dissolution along a linear
fracture or fault developed prior to the onset of speleo-
genesis.

Breccia bodies

While the controls on overall orientation and patterns
are generally understood, there has been little study of
the controls of passage character in Guadalupe Moun-
tain caves. Some cave passages show dramatic
changes in character over a very short distance within
the same stratigraphic unit. Specifically, some large
trunk passages more than 15 meters in diameter
terminate in spongework mazes with passages typi-
cally less than 2 meters in diameter.

Many of the maze areas in Lechuguilla Cave contain a
significant amount of breccia. Mapping and inventory
data were used to determine if there was a direct
correlation between the transition into maze passages
and these breccia zones. To date, more than 13,000
individual stations throughout the cave have been

inventoried for geologic and speleogenetic character,
including the presence of breccia, bedrock geology,
and mineralization.

Survey data were used to characterize parts of the
cave into maze and non-maze passages. Places in the
cave that were the junction of four or more other
passages were considered to be maze (Figure 8).
These data were then correlated to locations where
breccia was indicated on the inventory. A density plot
was then made showing areas where both maze
passage and breccia were concentrated. Analysis of
the data shows a definite correlation between the maze
areas of the Chandelier Maze, the Chandelier Grave-
yard, and portions of the Far East with large breccia
zones.

The character of all the different breccia zones has not
yet been determined. Much of the breccia in the
Chandelier Graveyard shows evidence of transport
and sorting, with a general dip to the southwest. In
some areas, the clasts are uniformly cobble-size and
have imbricate stacking. The lithology of the clasts
include reef rock, sandstone, pisolitic limestone, and
carbonate grainstone typical of the Seven Rivers
Formation and are interpreted to represent deposition
in a channel through the reef (Harvey DuChene,
written communication, 2009).

DuChene (2000) classified the breccia bodies found in
Lechuguilla Cave based on his detailed mineral
inventory (now integrated into the broader, more
general inventory database). The breccia bodies were
divided into depositional breccias, related to the
growth of the Permian Reef and part of the bedrock,
and speleogenetic breccias, related to the development

Table 2. Depositional breccias in Lechuguilla Cave (after DuChene, 2000).

Type Characteristics Matrix

Occurrence Depositional Environment

Mosaic Breccias

Clasts sharply angular with no rounding Calcite
of corners; very slight or no rotation

(predominant);

Tension fractures in massive
reef and backreef limestone

Fracture fill
(fractures open

of clasts; unsorted; well-cemented silt (minor) and sub-vertical)
Collapsed beds Bedding collapse and frag-
(deposits sub- mentation due to dissolution
horizontal) of underlying beds
Chaotic Breccias
Clasts angular to subrounded, poorly Large masses par- Forereef slope
sorted, mixed lithologies allel to dip of
forereef slope
Clasts angular to subrounded, poorly to Calcite Channel fill Passes and channels through
moderately sorted, mixed lithologies (predominant); reef
including bedded pisolitic limestone silt (minor)

and siltstone; moderately imbricate;
well cemented
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of the cave. The depositional breccias were subdi-
vided into mosaic and chaotic types and characterized
to aid in the identification of their possible deposi-
tional environments (Table 2).

Syndepositional faults also produced depositional
breccias during the Permian (Hunt and Kosa, 2002;
Kosa, 2003). Some of these were unmodified fault
breccias and others were heavily modified by karstifi-
cation. Some faults contain various fills representing
deposition during high and low sea level stands and
reworking of earlier fill material (Table 1).

In Virgin Cave, located in the Lincoln National
Forest, the main trend of the front section of the cave
is oriented along a linear, near-vertical, tabular breccia
body approximately 217 meters long and up to 46
meters wide oriented northeast-southwest (Figure 9).
Passage developed within the breccia consists of
spongework maze passage redissolved out of breccia
fill and clasts more than 2 meters in diameter. Individ-
ual stratigraphic units cannot be mapped across this
feature so it is uncertain whether this feature is a fault
or an enlarged fracture.

Davis (1980) and Queen (1981) identified spar and
cemented-sediment-filled vugs in Carlsbad Cavern
that may represent pre-Tertiary karstification of the
reef rocks. There is some evidence that early karstifi-
cation of the Permian rocks occurred during brief
times of subaerial exposure and may have been
concentrated along syndepositional faults (Kosa and
Hunt, 2006).

Early karstification could be a source of breccia
bodies exposed in cave passages. Paleokarst breccias
have been identified in other parts of the basin and
have been shown to influence later fluid flow and
emplacement of petroleum (Loucks and Anderson,
1980; Kerans 1990). Kosa and Hunt identified two
types of paleocaverns in the Capitan platform: 1)
narrow, planar, elongate paleocaverns that mimic
precursor fault and fracture orientations and are
dominated by siliciclastic and mixed, carbonate-
siliciclastic fills; and 2) bulbous paleocaverns that
extend far from their host fault and fracture zones, are
up to 90 m wide, and are dominated by carbonate fills.
From the lateral and vertical relationships between the
two types of paleokarst, they concluded that the

Entrance

bulbous paleocaverns pre-date the
planar features and may have acted to
localize subsequent faulting and later
karst development. How these karst
types may relate to those identified by
Davis (1980) and Queen (1981) is
unclear.

Since many of these breccias are
similar and can vary vertically and
laterally, the only way to differentiate
them is through detailed mapping of
breccia zone geometry. Reef channels
and passes would tend to run perpen-
dicular to the reef trend and would
have specific diagnostic features such
as clast rounding and imbrication.
Fault breccias would tend to be more

TNoﬂh

—_

Virgin Cave 50 Meters

Lincoln National Forest

Outline of mapped
cave passages

aﬂfa Calcite-Matrix
Apd Breccia Zone

Figure 9. Plan map of Virgin Cave showing large breccia zone where cave
is developed as a spongework maze.
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tabular and oriented with major
structural trends in the area. Paleo-
karst breccias would be more limited
in horizontal and vertical extent and
could contain mineralization consis-
tent with deposition in an open cavity
rather than a sediment-filled fault or
channel. Forereef breccia would
parallel the reef trend, would be more
spatially extensive, and would be
limited to parts of the cave developed
stratigraphically lower in the lime-
stone.
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Figure 10. Map of Carlsbad Cavern showing rectilinear cave development in backreef units (yellow) and
ramiform passages in reef rocks and along primary conduits (green and blue respectively).

Lithology pattern. However, local passage character can be
Most of the major passage trends in Lechuguilla Cave affected by changes in lithology. Jagnow (1989)
and Carlsbad Cavern cut through different rock types, recognized that most of the Western Borehole is
so there is little lithologic control on overall cave developed along a linear breccia deposit that parallels

the reef trend for 2.1 km (Figure 8). He attributed
these deposits to dissolution
of Permian evaporites and
subsequent collapse of the
overlying limestone.
DuChene (2000) identified
the bedrock breccia deposits
in the Western Branch
below 250 m as belonging to
the forereef talus or breccia
member of the Capitan. It
seems likely the latter is the
correct interpretation and
that the Western Borehole
was developed at the contact
between the massive and
breccia members of the
Capitan.

Bedding thickness has had
some influence on local

Figure 11. Tepee structure located near the natural entrance to Carlsbad Cavern.

68 NCKRI Symposium 1 Advances in Hypogene Karst Studies



passage character. In the bedded backreef units, the
fracture and cave patterns follow the regional trends
but are more closely spaced than in the more massive
Capitan. This has resulted in the development of
smaller (typically less than 3 m in diameter) rectilin-
ear maze passages in the backreef units. A plan map
of Carlsbad Cavern (Figure 10) illustrates the differ-
ences in passage character between the passages
developed in the backreef and those developed in the
Capitan.

Passage development can also be influenced by
sedimentary structures and diagenesis. Jagnow (1977)
documented that passages in Tepee Cave and
Jurnigans Cave #2 were aligned along the axes of
tepee structures, polygonal features in the backreef
units thought to be expansion features related to fluid
flow and mineral precipitation in lagoonal carbonate
sediments (Figure 11; Scholle, 2008; also see discus-
sion of tepee origins in Hill, 1996, p. 75-78). The
passages in Yellowjacket Cave in Dark Canyon are
also oriented to the axes of tepee structures (J.M.
Queen pers. comm., 2006). While the overall pattern
of the cave is oriented to major fractures, many
passages in Spider Cave are also aligned with the axes
of tepee structures. In most cases, the influence of
these sedimentary structures is minor, but it does have
some influence on cave passage development.

Conclusions

Bedrock heterogeneities, including faults and fractures
and changes in lithology, have influenced hypogenic
speleogenesis in the Guadalupe Mountains. The
patterns of cave development display a hierarchy of
influence.

1. Regional paleohydrology and barriers to flow
have controlled the location of caves and the
vertical distribution of cave passages.

2. Overall orientation and distribution of cave
passages are controlled by regional structures that
were active at least since the Permian and possi-
bly earlier. Structures such as small domes have
had localized, but important influence on fractur-
ing and cave development in some areas.

3. Permian-aged syndepositional faults have had
strong influence on passage development (e.g.
Lechuguilla and Virgin Caves), both in major
passage orientation and by changing dissolution
patterns. Breccia bodies associated with these
faults and other changes in facies have resulted in
the development of extensive spongework mazes.

4. Smaller scale changes in lithology, bedding
thickness, and facies (e.g. tepee structures) can

Advances in Hypogene Karst Studies

affect passage character and can be locally
important to dissolution (e.g. Spider and Yellow-
jacket caves). However, these small-scale varia-
tions are not major factors in overall cave devel-
opment in the Guadalupe Mountains.

Further work

To determine the significance of syndepositional
faults and brecciation on cave development, more
detailed mapping is needed. Brecciation within caves
must be mapped with respect to their overall geome-
try, lithology variation, and influence on speleogene-
sis. Paleokarst and karst-modified faults must be
identified and characterized to determine what, if any,
influence they have had on later cave development.

Detailed mapping of these discrete features, coupled
with further general bedrock mapping should provide
additional information on the paleohydrology and
speleogenesis of Guadalupe Mountain caves. Since
many of these features also have an influence on
modern water infiltration and nutrient pathways,
mapping may provide some insight into the microbial
variability in these caves.
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Abstract

The Castile Formation crops out over ~1800 km” in
Eddy County, New Mexico and Culberson County,
Texas. GIS-analysis has indicated that over 9,000
karst features are likely to exist in this area. Many of
these features are epigenic in origin. However, evi-
dence of hypogene processes is widespread through-
out the area. Dense clusters of hypogenic caves are
typically associated with calcitized evaporites and
selenite masses, suggesting a genetic relationship.
Within these caves, specific morphologic forms (i.e.
risers, cupolas, and half-tubes) provide evidence of
their hypogenic origin.

Brecciation is common throughout the Castile Forma-
tion, indicating subsurface dissolution and collapse.
Blanket breccias and subsidence troughs are sugges-
tive of confined horizontal flow, while breccia pipes
have been formed from upward stoping of subsurface
voids. Calcitized evaporites are extensive throughout
the region and are frequently associated with zones of
brecciation. Deposits of native sulfur have also been
observed in association with zones of brecciation,
calcitized evaporites, and selenite masses.

The close proximity of hypogene caves, breccias,
native sulfur, selenite masses, and calcitization sug-
gests that hypogene processes have dominated sulfate
diagenesis in the Castile Formation. Hypogene proc-
esses have provided pathways through which hydro-
carbons from the underlying Bell Canyon formation
have migrated upward and contributed to the calcitiza-
tion of the Castile Evaporites. Hydrogen sulfide or
native sulfur produced in this process has continued to
migrate upward or laterally into oxic regions where
selenite has been deposited. Significant overprinting
due to surface denudation and epigenic processes has
resulted in complex speleogenetic evolution within the
Castile Formation.

Introduction
The Castile Formation crops out in the western edge
of the Delaware Basin (Figure 1). The Delaware Basin

Kevin W. Stafford
Department of Geology, Stephen F. Austin State University,
Nacogdoches, TX, 75962 USA, staffordk@sfasu.edu.

is part of the larger Permian Basin and lies at the
boundary of the Basin and Range and the Great Plains
provinces. The outcrop area lies at the northern end of
the Chihuahuan Desert. The area averages 26.7 cm. of
rainfall annually and has an average annual tempera-
ture of 17.3°C, ranging from a low of 9.2°C to a high
0f 25.2°C (Sares, 1984) Most of the annual rainfall
occurs as afternoon thunderstorm showers or as
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Figure 1. Location map showing location of Gypsum
Plain including outcrop areas of the Castile Formation
(solid white) and the Capitan Reef (solid black) within
the Delaware Basin (dark gray), Eddy County, NM and
Culberson County, Texas. Location of the Delaware
Basin in relation to Texas and New Mexico is illus-
trated in bottom left corner, with the enlarged region
outlined by the small black rectangle (adapted from
Kelley, 1971, and Hill, 1996).
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monsoonal storms. The outcrop covers an area of
~1800 km? in a band extending from Eddy County,
New Mexico into Culberson County, Texas. The
Castile Formation is a basin-filling evaporate se-
quence encircled by the Capitan Reef, a nearly con-
tinuous carbonate reef complex (Hill, 1996). The
Castile is underlain by the clastic Bell Canyon and
Cherry Canyon formations. After deposition, it was
covered by the Permian evaporites of the Salado and
Rustler Formations (Kelley, 1971) (Figure 2).

The Castile formation was deposited late in the
Permian period and was cyclic, corresponding to
periods of ocean input from the southwest (Hill,
1996). Lithologically, it contains anhydrite/gypsum,
halite, and limestone beds. Additionally, vertical and
horizontal breccias are found throughout the area.
Most of the Castile Formation is varved anhydrite and
halite or varved anhydrite and calcite (Anderson et al.,
1972). The varves resulted from seasonal salinity
cycles in the shallow inland Permian Sea. The hori-
zontal breccias observed in the western end of the
outcrop correlate to halite beds found in boreholes
further east (Anderson et al., 1972, 1978). Carbonates
diagenetically altered from anhydrite are found with
the breccias (Anderson and Kirkland, 1980; Kirkland
and Evans, 1976). Oil and gas exploration is abundant
in the area. Sulfur has been economically produced
from mines in the area as well.

Regional uplift began with the Laramide Orogeny,
tipping the basin to the east/northeast at approximately
3-5° (Horak, 1985; Kirkland and Evans, 1976).
During the mid-Miocene, roughly 30-40 Ma, basin-
and-range expansion resulted in the development of

SHELF REEF

DELAWARE BASIN

east-northeast trending faults. Hentz et al. (1989)
describe these faults extending down into the Bell
Canyon Formation and possibly deeper. Horak (1985)
described the development of zones of west-cast
permeability throughout the basin resulting from
tectonic activity. On the surface, grabens formed
along these faults are evident along the western edge
of the study area. Solution/subsidence valleys have
formed along the surface between these fractures as a
result of dissolution of halite by waters rising from
depth along the fractures (Olive, 1957).

Horak (1985) described igneous activity that began
during this period of basin-and-range expansion.
According to Barker and Pawlewicz (1993), the
Delaware Basin experienced high heat flow from 40-
30 Ma related to igneous intrusions and from 23-0 Ma
as a result of basin-and-range type block faulting. As a
result, the basin has exhibited a higher than average
thermal gradient (Hentz and Henry, 1989).

Diagenesis within the Castile Formation has been
significantly influenced by hypogene karst processes
(Stafford et al., 2008a,b). Hypogene karst develops in
regions where rocks are confined or partially confined
and the vertical or lateral migration of solutionally
aggressive fluids produces porosity without any direct
connection to meteoric processes (Klimchouk, 2007).
Sulfate diagenesis associated with these zones of
porosity has resulted in the development of carbonate
masses frequently associated with deposits of sulfur
and selenite (Anderson et al., 1980: Kirkland et al.,
1976). Evidence of hypogene and hypergene (epigenic
or meteoric) speleogenesis has been observed in
numerous caves throughout the study area.

Stafford et al. (2008a) described multi-
ple solutional features formed by
meteoric waters descending along

W zones of permeability. To evaluate the
Rustler Formation Z| Karst potential of the study area, they
Salado Formation 2| studied karst features found in fifty
o | Tansil Fm. : - 8| randomly selected 1-km® areas. In these
2| Yates Fm. iier e ot on areas, they described blind valleys and
o s Rivers F Limestone = pirated arroyos, closed depressions,
il s (reef) Bell Canyon Formation <| sinkholes, karst windows, karst springs
| | Queen Fm. % S| and cenotes. The epigenic caves de-
% Grayburg Fm. g Goat Seep g’ scribed typically had a large opening
Dolomite Cherry Canyon Formation | <| and closed rapidly, typically less than
O 100 meters in length and less than 5

Figure 2. Diagrammatic representation of late Permian (Guadalupian
and Ochoan) deposits associated with the Guadalupe Mountains (left)
and Delaware Basin (right). Note that the Castile Formation fills in the
basin and marks the beginning of the Ochoan (adapted from Hill, 1996).
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meters in depth.

The most impressive karst in the area
developed as hypogene karst. Hy-
pogene karst develops in confined or



partially confined beds where lateral and vertical
migration of fluids produces solutional porosity
without direct connection to surface meteoric proc-
esses (Klimchouk, 2007; Stafford et al. 2008a). In
hypogene processes, solutionally aggressive water is
continually supplied to the dissolution front. Kirkland
and Evans (1976) proposed that calcitized masses and
sulfur deposits are the product of rising water. Large
deposits of selenite produced by artesian water have
been described (Crawford, 1993; Hill, 1996; Stafford
at al., 2008a). All of these have been formed in and
near breccias. Some of these breccias are in the form
of breccia pipes and others are bedded, or blanket
breccias. Both have been described as containing
dissolution breccias and collapse breccias (Anderson
et al., 1978). In some locations, these breccias are
entirely in varved anhydrite. In others, the breccias are
composed of calcitized clasts. In some instances,
voids between the clasts are lined with anhydrite.

Hypogene karst development

Klimchouk (2007) defined karst as “an integrated
mass-transfer system in soluble rocks with a perme-
ability structure dominated by conduits dissolved from
the rock and organized to facilitate the circulation of
fluids.” He defined speleogenesis as “the creation and
evolution of organized permeability structures in a
rock that have evolved as the result of dissolutional
enlargement of an earlier porosity.” These definitions
expand the concept of karst and speleogenesis to
include features with no surface connection. Using
digital ortho photo quads and field observation,
Stafford et al. (2008a) developed a karst potential map
of the Castile outcrop in which they predicted over
9000 karst features in the outcrop area (Figure 3).
Many epigenic features were noted, but a large num-
ber of the features were determined to be hypogenic in
origin. Using nearest neighbor analysis (Ford and
Williams, 2007), Stafford et al. (2008a) determined a
nearest neighbor index of 0.439, indicating significant
clustering of karst features. Klimchouk (2007) and
Frumkin and Fischhendler (2005) indicated that
hypogene karst tends to form in dense clusters, sepa-
rated by regions of minimal karst. Among the hy-
pogene features observed are calcitized buttes and
masses, large deposits of selenite, sulfur, and breccias
(Figure 4). Hypogene processes have been critical in
the speleogenesis of several caves in the study area.

Tectonic effects

Tilting during the Laramide Orogeny resulted in a
regional dip to the northeast. Recharge to the Bell
Canyon aquifer was from the Guadalupe and Dela-
ware Mountains to the west (Anderson and Kirkland,
1980). Faulting during the mid-Miocene provided

pathways for water from basinal aquifers to rise into
the overlying Castile and Salado formations. Ander-
son and Kirkland (1980) proposed two prerequisites
for brine density flow: 1) Pressurized or artesian
source of relatively fresh water and 2) permeable
fracture systems and salt mass normally isolated from
groundwater. They cited the Delaware Basin as a good
example of dissolution by brine density flow. Dijk and
Berkowitz (2000) modeled buoyancy-driven dissolu-
tion of evaporate rocks using nuclear magnetic reso-
nance imaging and also cited the Delaware Basin as a
good example of such systems.
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Figure 3. Karst potential map of the Castile Formation
outcrop region defined in this study. Note the two
dense areas of karst development within the northern
portion of the study area with densities greater than 40
features/km? (from Stafford et al., 2008c).
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Figure 4. Hypogene karst development in the Delaware Basin.

A: Initial setting

B: Intrastratal, hypogene dissolution forming vertical breccia pipes and
lateral blanket breccias (halite dissolution)

C: Evaporite calcitization resulting from bacterial sulfate reduction and
deposition of native sulfur deposits.

D: Introduction of oxygenated waters resulting in additional hypogene
porosity and oxidation of native sulfur to selenite.

E: Surficial breaching of hypogene features with subsequent epigene
overprinting.
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Undersaturated water would rise up
the middle of the fracture to the top
where dissolution would occur
(Anderson and Kirkland, 1980). The
resulting denser brine would then sink
back to the aquifer along the edges
(Figure 5). In the aquifer, the sulfate
brine would sink to the bottom and
continue to the east, where it was
eventually discharged through the San
Andres formation (Hiss, 1975). Maley
and Huffington (1953) described
accumulations of Cenozoic fill that
overlie areas of mid-basin subsidence
where the underlying halite beds are
thinner. In these areas, the Salado
halite beds extend further west than
the underlying Castile halite beds.
Maley et al., (1953) state that this
indicates removal of the Castile beds
from beneath by undersaturated
waters.

Potential source aquifers

Several aquifers in the basin have been
described as potential sources of the
hypogene waters responsible for
speleogenesis in the study area. The
low permeability sandstones of the
Bell Canyon Formation have been
cited as the source of ascending waters
(Smith, 1978; Klemmick, 1993;
Guilinger, 1993). Hentz et al. (1989)
described the Delaware Mountain
Group as an artesian system. Crawford
and Wallace (1993) described artesian
flow from permeable sandstones
within the Manzanita member of the
Cherry Canyon formation. Lee and
Williams (2000) described the third
sand of the Bone Springs sandstone as
the most likely source of water. Davis
(1993) described an aquifer observed
in the basal regions of the Castile. The
aquifer was studied in wells drilled in
the vicinity of Virginia Draw, an area
significant in the deposition of sulfur
in the Rustler Hills area. The aquifer
formed along dissolution-replacement
channels. Preliminary studies indi-
cated high transmissivity. Potential
discharge from the aquifer was de-
scribed as being in a marshy area in
Virginia Draw, near the Culberson
Mine.



Figure 5. Model of breccia pipe formation by brine
density flow. Flow of returning, saturated water down
the outer edges of the void results in maximum disso-
lution occurring at the top: (left) initiation of the brine
density dissolution process, (right) development of
breccia pipe as a result of bedrock collapse or slump

into the resulting void.

Bachman (1984; 1987) cited low perme-
ability as a limiting factor in the ability of
the Bell Canyon to provide adequate
water to form the karst features observed.
Using permeability data from Hiss (1975)
and the method described by Lohman
(1972), Anderson and Kirkland (1980)
demonstrated that the upper 30 meters of
the basin aquifer in the Bell Canyon
formation has sufficient flow to remove
the salt from 100 dissolution chambers of
1x10°m” in a period of about 30,000
years. This suggests that the low perme-
ability of the basin aquifer is not an
overall limiting factor to the development
of breccia pipes or dissolution breccias by
brine density flow in the mid-basin
region, as suggested by Bachman (1984;
1987).

Origin of calcitized masses
Calcitized evaporite masses are a domi-
nant diagenetic feature in the western

Delaware Basin. Prior to their formation, the basin
was structurally modified by Laramide uplift and
basin-and-range expansion. At some point in the past
30 Ma, hydrocarbons began to migrate up dip to the
west. Several authors have described possible sources
for these hydrocarbons (Davis and Kirkland, 1970;
Hill, 1996; Kirkland and Evans, 1976). Most cite the
nearby hydrocarbon reserves of the Bell Canyon
Formation. However, Lee and Williams (2000) have
suggested the third sand aquifer of the Bone Springs
Formation as a likely source. Hydrocarbons were
trapped at fault boundaries where the lighter hydrocar-
bons, primarily methane, rose into karstic voids being
created along fractures. Lee and Williams (2000)
suggested that light carbon isotopes in calcitized
masses indicate a hydrocarbon origin for the carbons
in the masses. Isotope data from this study supports
the hydrocarbon origin of carbon in the carbonate
masses. Hentz et al. (1989) have described the reac-
tion between the hydrocarbons and anhydrite in which
sulfate is altered to carbonate and H,S is released:

CaSO, + CH4 = H,S + H,0O + CaCOs; + energy.

The resulting carbonate masses are observed in the
subsurface and form the distinctive “castiles” that give
the formation its name (Figure 6).

On the surface, carbonate masses and solutional
depressions have been observed to form linear fea-
tures that are parallel to or lie along the faults (Hentz
et al., 1989). Stafford et al. (2008b) demonstrated the
linear nature of the carbonate masses. Most sources

44— W

Fracture

Zones Salado Formation

Castile Formation
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= _° {Breccia
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Figure 6. Cross section of sulfur deposit and calcitized mass at the

Culberson mine site. Due to faulting at the site, basinal waters were
able to rise through the formations, resulting in the formation of car-
bonate masses and sulfur deposits (from Stafford et al, 2008c).

500 meters
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cite isotope data indicating that these carbonates are
biogenic (Hentz et al., 1989; Hill, 1996; Kirkland and
Evans, 1976,). Worden and Smiley (1986) indicated
that bio-sulfate reduction (BSR) and thermal-sulfate
reduction (TSR) fractionate carbon and sulfur isotopes
to similar degrees. Isotopic data does not provide
definitive support for BSR over TSR based on. The
presence of local igneous intrusives and higher than
normal thermal flux are sufficient to support ther-
mogenesis of the carbonate deposits (Calzia and Hiss,
1978).

Anhydrite diagenesis

The diagenesis of anhydrite to carbonate resulted in a
volume decrease of 20% (Kirkland and Evans, 1976).
Hydrocarbons were able to migrate through the
resulting permeability to a dissolution face where
dissolved anhydrite was being immediately replaced
by calcite (Kirkland and Evans, 1976) In the resulting
diagenetic boundary layer, sulfates dissolved and were
replaced by carbonates as the result of either biogenic
or thermogenic processes. The authors have observed
areas where this boundary zone has been preserved in
Dead Bunny Cave. Varves were observed continuing
from gypsum, through the diagenetic zone, and into
the carbonate section (Figure 7). The hydrogen sulfide
produced oxidized in place, forming elemental sulfur
(Smith, 1978; Hill, 1996; Hentz et al., 1989) or
migrated back into the fracture where it continued to
rise until it was trapped or vented to the surface
(Hentz et al., 1989). In some areas, hydration of
anhydrite to gypsum sealed fractures, creating a trap
for rising gases such as methane or hydrogen sulfide
(Smith, 1978; Guilinger, 1993)

Figure 7. Diagenetic Boundary between gypsum and
calcite. Darker, lower half is calcitized material. Note
the boundary layer and continuation of varves from
gypsum into calcite.
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Breccia development

Extensive solution breccias, collapse breccias, and
breccia pipes in the basin were also the result of
hypogene processes. Several halite beds were de-
scribed in the Castile Formation (Anderson et al.,
1972, 1978). The primary lithology of the Salado
Formation is halite, as well. Rising undersaturated
waters, on reaching a halite bed, would dissolve
laterally into the halite beds (Figure 8). Anderson et
al. (1978) described the Big Sinks depression, east of
the study site, in which the halite beds of the Castile
show significantly more thinning than the overlying
Salado formation, indicating dissolution by rising
undersaturated waters. Anderson et al. (1978) have
correlated breccia beds observed in the west with
halite beds found in the east. As the breccia beds were
forming outward from the fractures, water was mov-
ing into the Castile from the Capitan formation or
from exposures of the Bell Canyon to the west and
dissolving halite beds. Erosion exposed beds to the
west and allowed meteoric waters to descend
downdip, along breccias, to halite beds. As halite beds
dissolved, anhydrite beds within the halite or adjacent
to it formed dissolution breccia beds (Anderson et
al.,1978). In these beds, most of the breccia still lies in
beds parallel to the plane of dissolution. Overlying
these beds are collapse breccias. These breccias are
typically clasts of 2+ cm. Most exhibit evidence of
rotation and minor movement from the original
location. In areas not exposed to diagenetic processes,
these breccias are almost entirely anhydrite. However,
breccias composed entirely of calcitized evaporites
and breccias of calcitized material with anhydrite
breccias nearby were observed by the authors. Ander-
son et al. (1978) described a limit to eastward dissolu-
tion of halite that occurred due to fresh water input
from the Capitan Formation or exposed beds.

Observations by the authors indicate that blanket
breccias have originated at breccia pipes as well as
along the western dissolution front. Blanket breccias
are the result of dissolution of nearby, more soluble
beds (intrastratal halite). However, they give no
indication of the origin of the dissolving fluids. These
fluids could be the result of downdip flow from the
western dissolution front or basinal fluids rising as a
result of brine density flow (Anderson et al., 1980).
Dissolution and collapse breccias formed from cal-
citized evaporites are formed by dissolution by rising
basinal fluids, rather than meteoric waters along the
western halite dissolution front.

Sulfur deposits
Sulfur was originally described precipitating in the
water of Delaware Creek by the Pope expedition



Figure 8. Model of blanket
breccia dissolution by brine
density flow. Descending water
input from the western
dissolution front will result in
anhydrite breccia. Ascending
water input from a breccia pipe

or fracture will result in calcitized
or mixed anhydrite and calcite
breccias.
A. Initiation of breccia
processes by convective =X
flow. Atro.J;"O’T-f.xi‘
B. Well developed breccia with

continued convective flow. Gypsum

while surveying for a railroad route to the Pacific
Ocean (Smith, 1896). Porch (1917) documented early
exploration of sulfur deposits in Culberson County,
Texas. He described test pits that vented hydrogen
sulfide gas and others that vented methane gas. He
also described one pit in which methane flow would
reverse with changes in atmospheric pressure. He
documented oil standing at a 10.7 m depth in a well in
the Rustler Hills near the New Mexico/Texas border.
Smith (1978) described important factors in the origin
of elemental sulfur deposits: 1) presence of sulfate
rocks, 2) presence of hydrocarbons, 3) fracturing or
brecciation of rocks to facilitate fluid flow, 4) oxygen-
ated groundwater or other agents capable of oxidizing
hydrogen sulfide, 5) sealing to prevent the loss of
hydrogen sulfide gas, 6) absence of halite. In describ-
ing the origin of Ukrainian sulfur deposits, Klimchouk
(1997) also noted that factors 1-4 are prerequisites for
karst development and that karstification must occur
for sulfur deposits to form. According to Hentz and
Henry (1989), all known ore bodies in the Rustler
Springs sulfur district are associated with zones of
fractured evaporate strata. Alignment of the Pokorny
deposit with faults in the Rustler Springs deposit
suggests a genetic relationship. All native sulfur
observed by the authors was associated with calcitized
evaporites or large masses of selenite in fractured
evaporite zones.

Most carbonate masses and sulfur ore bodies are
surrounded by selenite deposits. At Yeso Hills quarry,
one crystal measures approximately 2 m x 7 m. The
authors have observed numerous selenite crystals in
excess of two meters in length. In Crystal Cave, the
lowest extent of the surveyed cave is in a relatively
homogenous mass of selenite in excess of 20m in
height. Mohammed (1988) suggested that sulfur was
oxidized with the help of sulfur oxidizing bacteria to
form sulfuric acid. This then reacted with the lime-
stone to produce carbon dioxide and gypsum. In a
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confined, limited flow system, calcium sulfate would
recrystallize from this saturated solution in the form of
selenite. Hill (1996) has suggested that the selenite
formed concurrently with the deposition of sulfur. The
authors have observed native sulfur in association
with selenite at several locations (Figure 9).

Delaware Basin hypogene model

In the subsurface, dissolution of halite beds occurred
simultaneously from the west and from locations in
the basin where halite beds had been breached by
breccia pipes as a result of brine density flow. Hydro-
carbons rising through the breccia pipes were con-
verted, either biogenically or thermogenically, to
calcitized evaporite masses resulting in the production
of hydrogen sulfide gas. The hydrogen sulfide was
trapped vertically as a result of volume expansion as
anhydrite rehydrated to gypsum (Guilinger, 1993).
Laterally, hydrogen sulfide migration was limited to
the extent of blanket brecciation originating at the
breccia pipe. Breaching of the seals, either through
erosional removal of gypsum seals in fractures, or
breaching of blanket breccias originating at breccia

Figure 9. Elemental sulfur crystal in a selenite mass
found beside a calcitized ‘dike’ in southern Eddy
County, New Mexico (note: small unit on scale = 1cm.)
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pipes by the western dissolution front, resulted in the
movement of oxygenated meteoric water into the
hydrogen sulfide rich zones. Mixing with oxygenated
water resulted in the deposition of elemental sulfur.
Crawford and Wallace (1993) suggested that deposi-
tion of sulfur occurred in at least two cycles. During
one cycle, sulfur and carbonate were formed concur-
rently with microscopic sulfur crystals forming within
the carbonate mass. Hill (1996) stated that native
sulfur deposits in the Delaware basin were found with
bioepigenetic limestone because the two are geneti-
cally related. Crawford and Wallace (1993) noted the
presence of orthorhombic voids in calcitized masses
where elemental sulfur had been removed, supporting
the idea of syngenetic origin of calcite and some
sulfur. In a second cycle, sulfur was deposited in vugs
and openings in the bedrock, the result of inflooding
by oxygenated meteoric waters. At the Grant Prospect,
Smith (1978) described a 30 meter deep shaft lined
with a four inch layer of crystalline sulfur. The au-
thors have observed minor deposits of sulfur in calcite
lined vugs at this site. Kirkland and Evans (1976)
have suggested that the shaft formed as a result of
oxidation of native sulfur to sulfuric acid and subse-
quent dissolution of the surrounding carbonate to form
the void.

The reaction converting anhydrite to calcite is exo-
thermic. The hydrogen sulfide produced is converted

to elemental sulfur by oxidation. Further oxidation,
possibly supported by sulfur oxidizing bacteria, would
produce sulfate. Release into oxygenated water or
water containing oxidizing agents would convert
hydrogen sulfide directly to sulfate. This water would
already be rich in sulfate, resulting in saturated sulfate
brine. Sulfuric acid produced by the oxidation of
sulfur would react with calcite and release calcium
ions into the brine. In a low flow environment, this
mix of calcium sulfate saturated water would begin to
precipitate selenite crystals.

Calcitized masses in the study area are currently
venting sulfide gases. “Acid earth” has been described
on these hills (Evans, 1946). At the Grant deposit, also
known as Sulfur Mine Hill, sulfur was mined from a
series of large vugs and the resulting shaft extended
down to more than 30 meters in depth. Gas venting
from the site has been described as hydrogen sulfide.
One of the authors entered the shaft with a hydrogen
sulfide meter set at a sensitivity of 1 ppm but did not
detect hydrogen sulfide. On his first visit to the mine,
biochemist Hilliard (2008, pers. comm.) stated that the
odor resembled mercaptan, a compound similar in
structure to alcohol, but in which sulfur has replaced
oxygen. Jaco, a former chemist at the Pennzoil Sulfur
Mine (2009, personal communication) described a
spring approximately 3 km north of the Culberson
mine at which he had measured hydrogen sulfide in

Figure 10. Hypogene features from study area: A) Cupola in Dead Bunny Hole; B) Riser in Dead Bunny Hole;
C) Half-tube wall channel in Black Dog Cave; and D) Risers and wall channel in Glacier Bay Il, Crystal Cave.
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the spring water. This would be near the area de-
scribed by Davis (1993) as a possible discharge zone
for the basal Castile aquifer.

Most springs in the study area are what would be
expected in a gypsum plain. The water has high levels
of sulfate and mud in pools is hydrogen sulfide rich as
a result of anaerobic sulfate reducing bacteria. How-
ever, a number of springs exhibit characteristics that
would not normally be expected. Bell (2008) de-
scribed a spring in the northern end of the study area
in which unusual bacterial activity has been observed.
Bell and Hilliard (2009, personal communication)
describe this spring, and another in Culberson County,
Texas, as unique due to their microbial diversity.
Current studies are focusing on sulfide gases rising
with the water. One of the authors measured a pH of
6.5 for groundwater at the spring in Culberson
County. These unusual springs indicate the possibility
of artesian flow from the lower Castile or deeper.
Hentz et al. (1989) has suggested that sulfur minerali-
zation might be an active process at depth in the
Delaware Basin. As such, hypogene speleogenesis is
likely an ongoing process as well.

Recent hypogene processes

Several caves in the study area exhibit a diagnostic
suite of hypogene features. These features, described
by Klimchouk (2007), include wall channels, ceiling
channels, risers, and cupolas (Figure 10). In most of
these caves, epigenic overprinting of these features
has resulted in complex, mixed morphologies.

Dead Bunny Cave (Figure 11) lies in the basal Castile
Formation and has been formed in varved gypsum and
calcitized evaporites. The boundary zone between the
two lithologies is found throughout the cave. Dead
Bunny Cave has developed along three horizontal
horizons. The upper portion of the cave is formed
along the fold axis of several anticlines. Near the
midsection of the cave, a boneyard area, typical of
deep phreatic flow, was also documented. A clay
‘dike’ extends through the lower portion and indicates
an earlier period of speleogenesis in which the pas-
sages were later filled with clays. This is consistent
with other clay filled paleokarst observed in the study
area. The system was breeched in the up-dip area of
the anticlines and epigenic overprinting continues to
modify the pre-existing features, resulting in a com-
plex speleogenetic history.
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Culberson County, Texas
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May 2006:
R. Nance & K. Stafford
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Figure 11. Dead Bunny Hole. Cave was formed by deep phreatic flow in the basal Castile Formation. Epigenic
overprinting is currently an active process due to surface breaching in the vicinity of NW-SE trending anticlines.
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Davis (1993) described a basal Castile aquifer located
in the area of the Culberson sulfur mine and suggested
a marshy area in Virginia Draw as a discharge. He
described the aquifer as having good transmissivity
and suggested that it could extend further under the
Castile. The contact between the Lamar Limestone
and the Castile Formation was observed approxi-
mately .5 km west of Dead Bunny cave. The cave lies
very close to the base of the Castile Formation and the
calcification observed is very similar to that described
at the base of the Castile in the Philips Ranch sulfur
deposit (Figure 12). Dead Bunny cave exhibits fea-
tures that would be expected in an exhumed aquifer of
the type described at the Culberson Sulfur mine, and
is assumed to have initially formed under deep
phreatic conditions as part of a hypogene system.

Crystal cave is the deepest gypsum cave in Texas. It
has been surveyed to a depth of 90 meters and is
formed along extensive selenite deposits. Crystal Cave
is a single riser, hypogene cave that can be described
in three sections (Figure 13). Ford (2006) commented
on the existence of simple, single conduit caves
formed by rising water, noting that they were rare.
The upper section is a vadose entrenched passage that
eventually reaches a depth of approximately 10 meters
below entrance level. In the area of Quarryman Pit,
vadose entrenchment cut into the midsection passage.
Quarryman pit is formed along a zone of minor
faulting that predates deposition of selenite beds
observed in the mid section of the cave (Figure 14).
The mid section of the cave is an epigenically modi-
fied passage that follows regional dip to the east/
northeast at approximately 6°. It follows a vein of
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selenite that also lies along the regional dip. The
selenite is underlain by nodular gypsum in several
locations and lies within breccia through much of its
length, indicating formation along a dissolved halite
bed.

The lowest section of the cave is formed in homoge-
neous selenite. The passage drops approximately 10
meters through a vertical pit (Glacier Bay II) and then
through a series of smaller drops to a terminal sump at
a total depth of 92.5 meters. Risers and cupolas were
observed above the terminal sump, leading upward
into the pit. The terminus of the mid-section of the
cave lies directly above these riser features. At the lip
of Glacier Bay II, slotting, or downcutting, is minimal.
In most caves, this rapid transition from horizontal
passage to vertical pit is attributed to heterogeneous
lithology, with a less soluble layer, such as chert,
forming the lip of a pit. Without such a resistant layer,
epigene water would entrench the edge of the pit,
forming a slope in the passage, rather than a vertical
pit. Glacier Bay II is formed in homogeneous selenite
and contains no resistant layer. The vertical nature of
the pit at Glacier Bay II and the minimal pit-edge
slotting indicates a rising water origin with slight
epigenic overprinting.

Stafford (2008) suggested episodic development of
carbonates and sulfur deposits. Crystal Cave presents
features supportive of the idea of episodic develop-
ment. Early hypogene processes produced the riser
void which later filled with selenite and became
Glacier Bay II. A halite bed was dissolved and subse-
quent formation of breccias occurred. Hydration of
anhydrite on either side of the breccias resulted in a
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Crystal Cave

Culberson Co., Texas

Brunton & Tape Survey: 14 May 1988
J. Reddell, D. McKenzie & A. Smith
Suunto & Tape Survey: 07 October 2006

L. Middleton, R. Nance, L. Rosales & K. Stafford

Survey Length: 568.6 meters (1808 feet)
Survey Depth: 92.5 meters (303 feet)

0 10 20 30 40 50

(sieyow) yideg

Figure 13. Crystal Cave. Upper section of the cave extends from the surface level to a depth of 25 meters. The mid
-section of the cave extends from 25 meters to a depth of 80 meters below the surface. The lower section of the

cave lies below 80 meters depth.

Figure 14. Fractures in Quarryman Pit, Crystal Cave, Figure 15. Breccia and selenite replacement of bound-
at a depth of 25 meters below the surface. Note the ary anhydrite during rehydration. Note nodular anhy-
faulting and the selenite beneath it (image ~3m wide). drite in lower left corner of photo (image ~2 m wide).
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selenitic rather than alabastrine texture in the sulfate
bedrock (Figure 15). Selenite began to precipitate
from void-filling sulfate brines. A period of minor,
possibly localized, tectonism produced minor faulting
in the area of Quarryman’s Pit. These fractures
provided a discharge point for the artesian waters still
filling minor porosity in the area of Crystal Cave. This
breech allowed rising water to begin forming the
passages observed in the lower and mid-sections of
Crystal Cave. Lowering of the potentiometric surface
eventually lowered the water level in the cave. Epi-
genic processes enlarged fractures in the bedrock until
they breeched the existing voids found in the area of
Quarryman’s Pit. At that point, epigenic processes
dominated, resulting in a mixture of speleogenic
features.

Summary

In the Delaware Basin of southeastern New Mexico
and west Texas, the study of sulfur deposits has
yielded information on a suite of features indicative of
hypogene processes. The conversion of anhydrite to
carbonate and the resulting masses, associated brec-
cias, large selenite deposits and associated deposits of
elemental sulfur are all found together in the study
area. These features resulted from aquifer fluids
deeper in the Delaware Basin moving upward through
fractures in the overlying evaporate beds. Hydrocar-
bons in the rising water reacted with anhydrite result-
ing in conversion to carbonate. This process was
likely biogenic, but may have been thermogenic. The
hydrogen sulfide produced as a result was later
oxidized to produce deposits of elemental sulfur and
selenite.

Caves in the study area exhibit characteristics of
initial formation by hypogene or deep phreatic condi-
tions. These hypogene caves appear to have formed
along zones of permeability resulting from previous
hypogene episodes. Overprinting by epigene proc-
esses has resulted in complex morphologies, making
speleogenetic studies difficult. Numerous sulfide
vents and sulfur springs in the area indicate ongoing
processes at depth.

Speleogenesis in the study area needs to be evaluated
from its position within the overall evolution of the
Delaware Basin. Processes at depths in excess of 300
meters, some of which may have been active as for as
long as 30 Ma, have been critical in the development
of karst features seen in the basin today. Karst proc-
esses in the basin have played a crucial role in the
economy of the region by forming aquifers, hydrocar-
bon reservoirs and economic sulfur deposits.
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HYPOGENIC ORIGIN OF ROBBER BARON CAVE:
IMPLICATIONS ON THE EVOLUTION AND MANAGEMENT
OF THE EDWARDS AQUIFER, CENTRAL TEXAS, USA

George Veni
National Cave and Karst Research Institute, 1400 Commerce
Drive, Carlsbad, New Mexico 88220 USA, gveni@nckri.org

Abstract

Robber Baron Cave is formed within the Upper
Cretaceous Austin Chalk, in Bexar County, Texas,
USA. The cave exhibits features that demonstrate a
hypogenic origin, including a 1.51-km-long network
maze pattern, fissure-floored passages, passage
ceilings laterally enlarged adjacent to a contact with
an upper confining unit, and authigenic sediments.
The Edwards Aquifer provides the only source of
water that could create the conditions necessary to
form the cave, and provides modern analogs through
artesian flows from the nearby San Antonio and San
Pedro Park Springs. Anecdotal reports from the early
20™ century describe flowing streams and pools in
sections of the cave no longer accessible.

The Edwards Aquifer enlarged westward by stream
incision along the Balcones Fault Zone, exposing
down-faulted permeable units

Lynn Heizler

New Mexico Bureau of Geology and Mineral Resources,
Leroy Place, Socorro, New Mexico 87801 USA,
lheizler@gis.nmt.edu

Introduction

Robber Baron Cave is located within the city of San
Antonio, in central Texas, USA. It is by far the most
extensive and best known cave in Bexar County. The
carliest reports of the cave date to the 1910s. From 1926
-1933, about 160 m of its passages were developed for
tourists. This included the placement of electric lights
and the partial filling and leveling of the floors to create
easy walkways. The developed areas were passages in
the northern third of the cave.

Currently the cave has 1.51 km of known passages
within a square area approximately 100 m on each side
(Figure 1). It is a predominantly horizontal network
maze of linear passages intersecting at 30-90° angles.
The entrance is a sinkhole measuring 11 m long by 9 m
wide by 3-9 m deep and formed by collapse at the
intersection of least three passages. The sinkhole had

to allow groundwater discharge
from lower elevation locations.
Stream incision rates indicate
that the hypogenic conditions
necessary to form Robber
Baron Cave occurred 2.0 to 2.5
Ma, and thus set a minimum
age for accretion of the Bexar
County portion of the aquifer.
The presence of this and other
hypogenic caves and artesian
springs in the Austin Chalk,
above the upper confining unit
of the Edwards Aquifer, dem-
onstrates areas of significant
localized upward flow into the
Austin and the paleo land
surface. Identification of these
areas is important in establish-

PAVILION ROOM

ing areas of more stringent land 0 15
. L ——
use regulations to prevent meters

aquifer degradation through
these highly permeable features
situated outside of the recog-

ENTRANCE
SINKHOLE
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nized aquifer recharge zone.

Figure 1. Silhouette map of Robber Baron Cave and aerial photo lineaments,

updated from Veni (1988, 1997a) with surveys conducted in 2008.
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been half filled with dumped dirt and debris since at
least the 1950s until cleaned out from 2003-2004, when
a trench was cut into the north side of the sinkhole for
easier access (Mitchell and Palit, 2009). Two of the
three passages in the sinkhole are open to the surface;
one is blocked by bars and the other, at the deepest point
of the sinkhole, is gated to protect the cave from vandal-
ism and unauthorized visitation.

The majority of passages in Robber Baron Cave are
about 1 m wide by 1-3 m high. Many walls are covered
with a layer of flowstone usually <2 cm thick. Several
walls taper to “V”’-shaped cross sections or narrow rifts
1-3 m deep, so the floor areas in these passages are
relatively small. Clay is common on the floors. Gray
clay is either washed or carried in material and brown
clay is composed predominantly of the insoluble resid-
ual from the Austin Chalk that dissolved to form the
passages (demonstrated in the following sections). The
clay usually ranges from about 3 cm to a meter thick,
although a systematic sounding of clay depths has not
been conducted. Excavation of a pit into the floor of the
Lighted Passage in 1977 demonstrated the sediment was
at least 3 m deep. However, most of this was artificial
fill. Sediment depth decreases with distance from the
sinkhole, and the cave’s mean depth generally increases
with that distance, probably a direct correlation to the
thinner sediments. The northern third of the cave
averages roughly 10 m below the surface, the west-
central portion averages a depth of about 12 m, and
passages in the southern third of the cave rise to a depth
of 8-10 m. A sediment-filled pit along the west-central
margin of the cave was excavated to reveal the “Lower
Level,” which has at least 75 m of passages averaging
17 m below the surface.

Most of the cave’s reported extent is not accessible for
exploration or study. During its commer-
cial development, the owner at the time
deliberately collapsed many passages.
Road building, underground utility lines,

the cave. Since the late 1970s, cave explorers have
excavated the collapsed passages in hopes of rediscover-
ing the “lost” parts of the cave. Much of that effort and
the cave’s history is recorded by Veni (1988) and
updated by Veni (1989, 1997a).

Geologic setting

Robber Baron Cave is located at the southeastern corner
of the karstic Edwards Plateau. Its entrance is at an
elevation of 250 m above mean sea level at the northern
edge of an effectively level upland area between Olmos
and Salado creeks, situated 3 km to the southwest and
east, respectively. Local surface drainage at the cave
flows northeast to Salado Creek, while regional surface
water flow is to the southeast.

The surface above Robber Baron Cave is about 4.5 m
below the top of the Upper Cretaceous (Coniacian)
Austin Chalk Group. Locally comprising the Atco,
Vinson, and Dessau formations (Table 1), the Austin
ranges in thickness in Bexar County from 40 to 73 m.
Barnes (1983) described the Austin as “chalk and marl,
chalk mostly microgranular calcite with minor fo-
raminifera tests and /noceramus prisms, averages
about 85% calcium carbonate, ledge forming, grayish
white; alternates with marl, bentonitic seams locally,
recessive, medium gray, sparsely glauconitic, pyrite
nodules in part weathered to limonite common,
occasional beds with large-scale cross-stratification;
locally highly fossiliferous.” Its stratigraphy in the
Bexar County area has not been well described but has
been generally discussed by Holt (1956), Arnow (1959),
Pessagno (1969), Cloud (1975), Waddell (1977), Dravis
(1979), Corbett (1982), Barnes (1983), Young (1985),
and Corbett et al. (1991). Detailed descriptions of the
Austin have not been published, and its formation
boundaries are not locally mapped, but the cave’s gross

Table 1. Stratigraphic column of the Bexar County, Texas, area
(wide lines represent unconformities).

and other construction associated with the |-A28 Group Formation Average Thickness (m)
s .. . Upper Cretaceous/ | Taylor Pecan Gap Chalk | 30-122
area’s urbanization invariably added to Coniacian
the collapse. Prior to the collapses, Upper Cretaceous’ | Austn 7073
Robber Baron was known to extend at Coniacian _
least 100 m farther east to a water well, Dessau inadequately mapped
600 m southwest to a now-sealed, exten- Vinson inadequately mapped
sive, but poorly explored maze cave Atco inadequately mapped
known as Holmgreen’s Hole, and about Lower Cretaceous/ | Washita 32.5-37.5
1.2 km to the southwest to underground Cenomian-Albian :
Buda Limestone 16.5
streams, pools, and another well that :
pumped water from the cave. Two caves Del Rio Clay 16.0
sealed by urbanization have also been Georgetown 0-5
reported within 500 m of Robber Baron, Lower Cretaceous/ | Edwards 147.1
and could potentially have connected to Albian
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stratigraphic position at the top of the group indicates it
lies within the Dessau Formation.

Textural and mineralogical observations and
analyses of the Austin Chalk

This study provides the first published microprobe
imaging, chemical mapping, and quantitative analyses
of the Austin Chalk from the Bexar County outcrop.
Eight samples described below were collected from the
cave. Two sediment samples from within the cave were
also collected and are described later in this paper.

All samples were examined using a Cameca SX-100
microprobe located at the New Mexico Institute of
Mining and Technology. Polished samples of all but the
two sediment (clay) samples were prepared. Samples
were examined using backscattered electron (BSE)
imaging. Chemical maps showing the distribution of Ca,
Si, and Fe were collected in representative areas of three
rock samples (RBC 8 through RBC 10). Quantitative
analyses were performed on all polished samples. An
accelerating voltage of 15 kV and a 10 nA beam current
were used. Analyses of carbonate or mixed matrix
material were done using a broad (10 or 20 micron)
beam. A point beam (~1 micron) was used for all other
analyses. Standard reference materials, including

Figure 2. BSE image and Ca, Si, & Fe element maps of chalk horizon of Austin

Chalk (sample RBC 10).

Advances in Hypogene Karst Studies

amphiboles and carbonates were run in each analytical
session to assess and monitor calibration accuracy and
reproducibility.

Because their tight matrix and consequent low perme-
ability inhibited infiltration of the epoxy, relatively flat
unpolished surfaces of the clay samples were mounted
on carbon tape and qualitative scans performed to
determine their composition; a few quantitative analyses
were performed on RBC 4 to determine any distinction
between observed color variations in the clay.

Two distinct lithologic horizons occur in the Austin
Chalk at Robber Baron Cave. Approximately the upper
13 m of the Austin, extending about 8 m below the
surface at the cave, are a pale yellow (Munsell 2.5Y
8/2), soft, massive, highly fractured chalk. All solution-
ally-formed passages occur below the chalk within a
hard, fossiliferous limestone horizon. The chalk is often
exposed in the cave at the top of collapse-formed domes
that stoped up from the underlying limestone. The chalk
horizon has been referred to as a marl in some previous
reports, which is consistent with chemical maps and
BSE images of sample RBC 10, which show micro-
scopic fossils and carbonate fragments with occasional
glauconite grains in a finer matrix of dominantly broken
shell fragments and glauconitic
clay (Figure 2).

Goethite nodules (referred to in

.« the literature by the generic term
“limonite”) occur in both the
chalk and limestone horizons.

* RBC 2 is a nodule from the chalk
horizon with a yellow (Munsell
10YR 7/6) rind. BSE images and
quantitative analyses show a
dense core of dominantly goethite
with minor siliceous inclusions,
rimmed by a porous 500 micron
thick outer rind (Figure 3-A). The
rind is dominantly composed of
fine calcium carbonate fragments,
= grains, and cement intermixed
with goethite crystals and cement.
Glauconite pellets and quartz
grains are incorporated in the rind
in some areas and some carbonate
fossils are replaced by goethite
(Figure 3-B). RBC 3 appears
typical of weathered goethite
nodules in the cave walls. They
have a weathered reddish brown
color (Munsell 7.5YR 6/6), and
RBC 3 was found to be made up

%

o
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A: goethite core with G: matrix of intermixed
outer rind siliceous inclusions goethite clay and goethite

\)

> K r Alo"h: ﬁ:.(.v o :
B: fossil replaced by goethite D: goethite zonations within
relict pyrite

Figure 3. Sample RBC 2; A: Goethite nodule with distinct particle-rich rind.
B: Close up of rind showing mix of carbonate (medium gray) and goethite
(bright areas) grains and cement. Sample RBC 3; C: Aggregate clusters of
zoned goethite crystals immed by a porous matrix of glauconitic clay and
goethite. D: Close up of goethite crystals showing higher Z (bright) and lower
Z (dark) zonations and highly altered rims of outer crystals.

of clusters of aggregate crystals
(altered pyrite) with distinct
zonations loosely rimmed by a
porous matrix dominantly com-
posed of glauconitic clay inter-
mixed with fine iron-rich material
(goethite) (Figure 3-C). Well-
developed crystal faces along
outer edges of clusters are signifi-
cantly altered. Quantitative
analyses within goethite zonations
with a lower average atomic
number or “Z” (appear darker in
BSE images) have higher concen-
trations of Si and Al, and lower Fe
content than higher Z zonations
(Figure 3-D, Table 2).

The Austin Chalk’s limestone
horizon at Robber Baron Cave is
at least 9 m thick. Its upper 2 m
are a highly fossiliferous zone,
increasing in fossil content
downward to become a dense
accumulation of Exogyra (?7)
laeviuscula gastropods. It rests
unconformably on a burrowed
surface extending about 50 cm
into the underlying limestone
(Figure 4), which generally
weathers in the cave to a pre-
dominantly yellow (Munsell

Table 2. Quantitative analyses of light (higher average atomic number or Z) and dark (lower Z) zonations in

goethite crystals (% weight oxide).

Goethite Analyses P,0s | SiO; SO, | TiO, | ALO; | MgO | CaO | MnO FeO Na,O K,0 Total
RBC 3-01 0.26 | 480 | 0.05 | 0.00 1.04 0.20 | 0.31 0.01 | 68.04 0.01 | 0.01 74.72
RBC 3-03 0.26 | 481 | 0.05 | 0.06 1.10 0.25 | 0.36 0.00 | 67.34 0.02 | 0.00 74.24
RBC 3-05 0.27 | 495 | 0.01 | 0.02 0.98 0.21 | 0.46 0.01 | 67.71 0.02 | 0.02 74.64
RBC 3-18 024 | 491 | 0.04 | 0.01 1.14 0.24 | 0.31 0.03 | 66.59 0.01 | 0.00 73.50
RBC 3-19 045 ] 6.11 ] 0.04 | 0.13 2.57 0.21 | 0.60 0.01 | 65.08 0.01 | 0.02 75.22
RBC 3-26 0.33 | 598 | 0.03 | 0.00 1.53 0.26 | 0.41 0.00 | 66.28 0.03 | 0.01 74.86
RBC 3-27 0.33 | 6.64 | 0.04 | 0.03 1.45 0.22 | 0.48 0.01 | 67.53 0.00 | 0.00 76.73
RBC 3-34 0.18 | 5.12 | 0.02 | 0.00 1.09 0.23 | 0.31 0.02 | 67.46 0.00 | 0.00 74.42

Avg. low Z 0.29 | 541 | 0.03 | 0.03 1.36 0.23 | 0.41 0.01 | 67.00 0.01 | 0.01 74.79
RBC 3-02 0.26 | 3.11 | 0.06 | 0.04 0.53 0.18 | 0.34 0.00 | 72.15 0.00 | 0.01 76.69
RBC 3-04 0.34 | 3.20 | 0.06 | 0.03 0.71 0.18 | 0.45 0.04 | 73.59 0.00 | 0.03 78.61
RBC 3-17 0.39 | 343 | 0.04 | 0.02 0.69 0.13 | 0.51 0.00 | 72.85 0.00 | 0.00 78.06
RBC 3-25 0.36 | 3.52 | 0.02 | 0.03 0.73 0.08 | 0.45 0.00 | 74.06 0.02 | 0.01 79.28
RBC 3-35 0.27 | 3.25 | 0.07 | 0.02 0.55 0.14 | 0.39 0.00 | 71.98 0.00 | 0.01 76.66

Avg. hi Z 0.32 | 3.30 | 0.05 | 0.03 0.64 0.14 | 0.43 0.01 | 72.93 0.00 | 0.01 77.86
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10YR 7/6) surface. While the burrowed interval has
no apparent effect on cave development, most pas-
sages in the cave occur in its host and underlying
limestone. This limestone is grainy and contains some
fossils; abundant glauconite and quartz grains and
occasional goethite grains appear in the BSE images
of sample RBC 8 (Figure 5). The limestone in the
cave’s lower levels has not been sampled or carefully
examined; frequent high percentages of atmospheric
carbon dioxide preclude regular access to that part of
the cave.

The limestone’s fossiliferous zone has abundant
glauconitic grains and pellets, as illustrated in BSE
images of sample RBC 9 (Figure 5). The burrow fill
material (sample RBC 5) is dominantly composed of
clasts of poorly cemented, predominately finely
crystalline calcium carbonate with some larger crys-
tals and fossil remnants. Some clasts in the sample
contain abundant glauconite pellets intermixed with
carbonate; porous matrix material of intermixed
glauconitic clay and carbonate surrounds some of the
clasts (Figure 6). RBC-6, a sample of pale brown
(Munsell 10YR 6/3) crust that lines some of the
burrows, is composed of glauconite grains in a porous
matrix of clay intermixed with carbonate cement.
Goethite appears to preferentially coat and fill frac-
tures within many of the glauconite grains (Figure 5).
RBC 7, a gray (Munsell 10YR 5/1), <1 cm long
siliceous crystalline boxwork structure (Figure 5) was

RBC 6

RBC 9

Advances in Hypogene Karst Studies

Figure 4. Blue arrow spans the width of filled burrows
in the Austin Chalk, below the highly fossiliferous zone
at the top of the limestone horizon.

Figure 5. BSE images;
RBC 6) goethite
coated glauconite
grains in mixed
carbonate and clay
matrix; RBC 7)
siliceous crystalline
boxwork structure;
RBC 8) close up of
glauconite grain and
carbonate tests in
mixed carbonate-
dominant and clay
matrix; RBC 9)
carbonate grains, tests
and glauconite pellets
in mixed carbonate-
dominant and clay
matrix.
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A: carbonate rich-clast

C: glauconite rich-clast

Figure 6. Sample RBC 5; A: Finely crystalline, dominantly carbonate clast with
some larger carbonate grains or pellets. B: Close up of carbonate matrix show-
ing loosely cemented, possibly recrystallized grains. C: Clast composed of
abundant glauconitic pellets in carbonate cement. D: Close up of central portion
of glauconite-rich clast. Bright specks are Fe-rich (goethite) grains.

found associated with RBC 6, but its origin and
significance are not known.

Geologic structure

Robber Baron Cave is in the Alamo Heights horst, an
upthrown block of Austin Chalk that is the dominant
structural feature of the study area (Figure 7) and which
topographically stands 20-30 m above the surrounding
terrain. The horst formed by tectonic stresses associated
with its location within the Balcones Fault Zone, which
developed along the homoclinal hinge between the
relatively flat-lying strata of the Edwards Plateau to the
northwest and the more steeply dipping strata in the
Gulf of Mexico Basin to the southeast. The Balcones
Fault Zone is characterized by a series of en echelon
normal faults, mostly downthrown toward the gulf.

Five major faults define the Alamo Heights horst. About
700 m north of the cave, one fault strikes N60°E. Three
faults extend southwest from the northern fault. Respec-
tively 1.8 and 2.7 km west of the cave, two near-parallel
faults strike N25°E and N30°E while the third fault is
2.4 km east of the cave strikes a mean N47°E. These
three faults are truncated by a fault 4.2 km south of the
cave which strikes N55°E. Cumulative average fault
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D: close-up of glauconite-rich clast
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displacement is 75-110 m (Small,
1986). In the central section of the
horst near the cave, Corbett et al.
(1991) found that joints are
generally vertical and trend N40°
E. The beds within the horst are
almost horizontal, but their exact
attitude has not been precisely
measured. No faults have been
reported or mapped near the cave.

The geologic outcrop near Robber
Baron Cave is almost entirely
covered by urban development.
No definitive fractures, sinkholes,
outcrops, or other geologic
features were found or are known
within a 100 m radius. Cliffs and
quarries in Olmos Creek and
Salado Creek, which flank the
Alamo Heights horst, provide the
only opportunities (except within
the cave) to closely examine the
bedrock geology. No major
geologic features were clearly
apparent in aerial photographs, but
weak lineaments that align with
passages at the southwest corner
of the cave almost certainly reflect
joints in the bedrock. A 13-m-
diameter circular feature located
about 17 m south of the cave’s southeast corner is also
faintly visible on the air photos (Figure 1). While there
is insufficient information to determine if it is natural or
artificial, the feature’s similar size to the entrance
sinkhole, and three radiating lineaments that parallel
major fracture trends in the cave, suggest it may be a
collapse of the cave beyond the current limit of explora-
tion. No evidence of the possible collapse structure or
fractures could be seen at ground level, but the surface is
highly disturbed by decades of human activities (Veni,
1997a).

Most passages in Robber Baron are strongly joint-
controlled. The orientation of linear passage segments
can be measured from the map to approximate the
joints’ effect on the cave’s development. The following
discussion summarizes the analyses by Veni (1997a).
The most dominant fractures guiding passage develop-
ment range in orientation from N60-74°E, reflecting the
nearby fault to the north, and comprise 27.9% of the
cave’s passages. The next most dominant group ranges
twice as broadly from N25-54°E to include 24.5% of the
passages, and reflects the N40°E jointing observed by
Corbett et al. (1991) and the trends of the three faults
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Figure 7. Geologic map of the Robber Baron Cave area (simplified from Barnes, 1983).

east and west of the cave. While these segments are
secondary in terms of total passage length, they include
the longest segments in the cave, with the N60-74°E
segments being slightly shorter. A third important group
of passage segments include two ranges: N41-45°W and
N16-25°W. These trends do not correlate to the known
structural features of the horst and may be secondary
products of the tectonic strain. These two groups differ
significantly in their horizontal and vertical distribution.
Segments oriented between N41-45°W occur in the
northern part of the cave, and generally include the
cave’s highest elevation passages. In contrast, the N16-
25°W segments are predominantly grouped at the west-
central and southwestern side of the cave, comprise
most of the deepest passages, and are smaller, generally
having about half the cross sectional area. The depth
differentiation in passage orientation may suggest
elevations where certain fractures are more permeable;
additional study is needed.

Austin Chalk hydrogeology
Little research has been done on groundwater in the
Austin Chalk, and no potentiometric mapping has been
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conducted. Arnow (1959), George (1952), and Holt
(1956) respectively described typical Austin groundwa-
ter in Bexar and neighboring Comal and Medina coun-
ties as yielding only small volumes to water wells, and
as commonly high in hydrogen sulfide from the oxida-
tion of the pyrite nodules within the chalk. However,
Livingstone, Sayre, and White (1936) found that in
some places in Bexar County, artesian water from the
Edwards (Balcones Fault Zone) Aquifer (hereafter,
“Edwards Aquifer”) flowed upward along fractures to
become Austin groundwater.

Data on groundwater flow between the Austin Chalk
and the Edwards Aquifer are sparse (Veni, 1995).
Contamination of the Edwards Aquifer from a landfill in
the Austin Chalk reveals at least some downward
interformational flow (Buszka, 1987). In contrast,
significant volumes of rising artesian flow from the
Edwards into the Austin is demonstrated at the San
Antonio Spring in Olmos Creek, 4.5 km southwest of
Robber Baron Cave, and San Pedro Park Springs 8 km
southwest. Discharge records for San Antonio Spring
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from 1892-1978 show Edwards water discharging from
this Austin Chalk spring at rates up to 5.8 m*/s with a
mean discharge of 1.2 m*/s; San Pedro Park Springs
discharged up to 0.8 m*/s with a mean discharge of 0.22
m’/s from 1895-1977 (Brune, 1981). While Austin
Chalk groundwater is certainly supplemented by arte-
sian Edwards Aquifer water in some areas, there is
insufficient data to determine its volume or rate of
inflow, exact areas of contribution, storage, and seasonal
and geographic variations.

Speleogenesis

The initial model on the origin of Robber Baron Cave
(Veni, 1988) was that of vadose groundwater seeping
down joints through the chalk horizon of the Austin
Chalk to uniformly dissolve passages in the underlying
more soluble limestone strata, per the model proposed
by Palmer (1975) for some maze caves covered by
permeable but insoluble sandstone caprocks. The
passages in Robber Baron enlarged linearly along the
joints until they interconnected to form the maze.

This model explained the gross morphology of the cave
and several specific features, but not all. The most
problematic feature involves solutionally enlarged and
occasionally anastomosed bedding planes approximately
0.3 to 1.0 m below the top of the limestone horizon
(Figure 8). If the cave had been formed by vertically
descending groundwater, it would have flowed from the
bedding planes into the main passages, incising the
passage walls. Instead, little or no incision occurs and
often the passage walls undercut the
bedding planes. However, when
Klimchouk (2007) proposed a hy-
pogenic origin for the cave, by revers-
ing the initially hypothesized down-
ward direction of vertical flow through
the cave, all of its features were easily
explained. Klimchouk briefly identi-
fied side feeders and point features in
the cave’s floor as evidence of hy-
pogenic flow. Three additional features
discussed below in greater detail
further support hypogene develop-
ment: sediments, solutionally enlarged
bedding planes, rifts in the floors, and
cuspate passage connections.

Sediments

Two sediment samples were collected
from the Pavilion Room at the north-
central end of Robber Baron Cave;
sediments observed in other parts of
the cave had no discernible differences
in appearance or setting to warrant
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sampling. RBC 1 is a strong brown (Munsell 7.5YR
5/6) nodular clay from a pocket high in a passage
wall. RBC 4 is a finely laminated reddish brown
(Munsell 2.5YR 5/4) clay, with some distinctly yellow
-brown sections, from the undisturbed floor of a
humanly inaccessible passage. It contains some white
specks, probably calcite crystals, and black specks.

While the hand specimen of each clay sample appears
different in color and somewhat in texture, BSE
images and qualitative scans revealed that they are
essentially identical and residual dissolution products
of the Austin Chalk (Figure 9). Qualitative scans for
both clays showed dominant Si and Al peaks with
some Fe and minor concentrations of Ca, Mg, and K.
Quantitative analyses done on smooth arcas of RBC 4
were consistent with the qualitative scans and addi-
tionally showed trace Ti. Based on the qualitative and
quantitative data, the clays appear to be smectitic in
composition and the observed color variation likely
reflects differences in Fe oxidation not discernible
with the microprobe. Black specks observed in RBC 4
appear bright in BSE images and qualitative scans
show a Mn phase (likely a Mn oxide coating) super-
imposed on the clay signal. The Al peak appears
slightly suppressed, possibly due to leaching of Al
from the clay when the Mn-rich phase was deposited.
A black (Munsell 5Y 2.5/1) veneer on RBC 1 may
also be a manganese coating. While some hypogene
caves are famously associated with sulfuric acid
dissolution and the deposition of exotic minerals,
carbonic acid dissolution is expected from artesian

Figure 8. Solutionally enlarged bedding plane and anastomoses in the
Graffiti Room of Robber Baron Cave. Yellow line marks the contact be-
tween the chalk horizon and the underlying limestone horizon (the dip of
the line is due to the photograph’s wide angle, not a dip in the strata).
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Figure 9. (top) BSE
image and qualitative
scan of dark particle
in RBC 4 (appears
bright in BSE image).
Qualitative analysis
shows presence of
Mn-bearing phase
overprinting clay
signal; (bottom) BSE
image and qualitative
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Edwards Aquifer waters and the sediment analyses
yielded no unusual minerals to suggest otherwise.

Solutionally Enlarged Bedding Planes

The solutionally enlarged and anastomosed bedding
planes developed as upwelling water could not effi-
ciently flow through the overlying chalk horizon and
pressure forced it laterally into the bedding planes at the
top of the limestone. Enlarged bedding planes that
decrease in size with distance from the main passage,
until they eventually pinch, represent areas of ground-
water storage, while those that connect to other passages
represent a pressure gradient along which water flowed
to discharge upward through fractures in the chalk. A
precise leveling survey of these enlarged bedding planes
(some are humanly passable) may identify the past
hydrologic gradients, but their general prevalence near
the northeast and southeast ends of the cave suggests the
sinkhole and the circular aerial lineament may have
been foci of groundwater flow through the chalk horizon
into overlying strata now removed by erosion. Direct
evidence of this flow through the chalk has not been
found and is not expected. The chalk is slightly ductile,
and where collapsed it often seals open fractures and
gaps, so any hypogenically enlarged fractures or con-
duits in the chalk probably closed long ago.

Rifts and Cusps

Rifts in the cave floor (Figure 10) were described by
Klimchouk (2007) as “point” sources of rising water,
but are actually elongated along joints. Most range from
3-5 min length, and the longest is at least 30 m. Some
rifts are separated by narrow fins of limestone but
hydrologically and morphologically function as undi-

n

Advances in Hypogene Karst Studies

£

analysis of typical
clay in RBC 1 and
RBC 4.

Ka

e, Kiae [ Ten
38000 42000 48000

vided features. Natural and artificial sediment that
covers many passage floors doubtlessly hides many
rifts. Their importance, as compared to point sources of
rising water, is that they are less prone to forming
distinctive wall and ceiling channels but are more likely
to create cuspate passage connections. Cuspate connec-
tions are usually expressed as abrupt, blade-like rises of
the limestone floor with concurrent lowering of the
ceiling along the axis of a passage to form relatively
small windows within the passage (Figure 11). They can
also occur between near-parallel passages. These
windows are the most diagnostic feature of vertical
groundwater movement; they would not exist in a
regime with notable horizontal flow. Initially, individual
passage segments developed along a joint above each
rift. As upward flow was slowed by the overlying chalk,
the segments enlarged laterally along the joints until
they connected to form a cuspate window (Figure 12).
In many locations, continued passage growth com-
pletely removed the windows.

Not all of Robber Baron’s passages formed by rifts.
Passages along the west-central and southwest side of
the cave exhibit more classical elliptical phreatic mor-
phologies and probably transmitted groundwater along
less steep gradients, although more detailed surveys and
studies are required to be certain of their origin. Ulti-
mately, the Edwards Aquifer is the only viable source
for the water, and the modern presence of Edwards
water flowing from Austin Chalk wells and springs
suggests that the cave developed when Edwards ground-
water levels were significantly higher in the past.
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Figure 10. Example of a 5-m-long floor rift. Figure 11. Cuspate window along the axis of passage.

Edwards Aquifer: evolutionary and water table, we found that Olmos Creek was 47.7 m
management considerations higher in elevation to create hypogene conditions in
Groundwater flow in the Edwards Aquifer has devel- Robber Baron Cave. This elevation is the current land
oped in response to stream incision of the Balcones surface at the cave and was used to approximate mini-
Escarpment, creating locations where springs can mum artesian conditions. We slightly modified the mean

discharge Edwards water (Woodruff and
Abbott, 1979). Preliminary assessment of
cave distribution, morphology, origin, and Surface

regional hydrogeology suggests the aquifer
grew west-to-east-to-northeast, as the
groundwater drainage basins for ever-lower
springs expanded headward until they
captured water from older, higher elevation
areas to progressively integrate the aquifer
(Veni, 2009). The timing of these accretion-
ary events has not been established, but the
study of Robber Baron Cave provides some
boundaries on the initial origin of San
Antonio Spring and associated hydrologic
changes within the aquifer.

The down-cutting of Olmos Creek can be used
to constrain the time of the cave’s origin. We
considered the creek’s elevation as an ap-
proximation for the elevation of the modern

Figure 12. Schematic diagram of water rising from rifts in passage
. floors to create individual passage segments (ovals of dashed lines
and past water table of the Edwards Aquifer ity arrows showing direction of growth) which linearly connect

in that area. Using the elevation of San along joints to form cuspate windows; groundwater continues to
Antonio Spring to reflect the mean modern ascend by leakage through the chalk.
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incision rates for a nearby
section of the Balcones Escarp-
ment region (Veni, 1997b) to
19-24 mm/ka to better fit the
conditions in Olmos Creek,
and determined that Robber
Baron Cave would have
developed about 2.0-2.5
million years ago. This is
significantly older than previ-
ously calculated by assuming
an epigenic origin for the cave
(Veni, 1994).

Robber Baron Cave aligns
with other caves and springs
in the area in a pattern sug-
gestive of changing base
levels for the aquifer (Figure
13). The cave reportedly
deepens and connects with
other caves and a well
roughly 1.2 km to the south-
west. Another kilometer
southwest is a former quarry
where more caves have been
reported, some rumored to
connect to Robber Baron.
Another 1.2 km further
southwest is TMI Cave. This
58 m long multi-entrance
maze is in a cliff overlooking
Olmos Creek and was ini-
tially considered a product of
backflooding by the creek
(Veni, 1988). While TMI
Cave has been vadosely
modified by floodwaters,
further study of the area now
strongly suggests it is a
fragment of a once more
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Figure 13. Topographic map showing the location of Robber Baron Cave and its

extensive hypogenic cave. It is estimated extent relative to TMI Cave and San Antonio and associated springs in

located at the junction of
Robber Baron’s southwest

OIlmos Creek.

trend with the southeast trend of a series of springs km northeast of the cave. As both streams deepened
that extend 2.3 km southeast to San Antonio Spring. and shifted to their present positions, the potentiomet-
ric surface for the Edwards Aquifer lowered, and cave
About 2 to 2.5 million years ago, Robber Baron Cave development, and presumed overlying springs, ex-
transmitted flow to the first or one of the first ances- tended southwest toward TMI Cave and Olmos Creek.
tral San Antonio Springs. There is no direct evidence Spring development then predominantly followed the
to demonstrate that Olmos or Salado Creek extended northeast side of the creek as progressively younger
over the cave in the past, except that as a hypogenic springs arose to the southeast, with flow through the
cave, Robber Baron most likely discharged into a older springs becoming more intermittent with contin-
significant topographic low which would probably be ued potentiometric declines. This evolutionary sce-
an ancestral Olmos or Salado Creek; Salado Creek is nario poses the management considerations discussed
suggested by gravel deposits in a paleo-channel 1.1 below.
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Groundwater contamination

Cavernous permeability from past hypogenic condi-
tions creates a potential for contaminants to easily
reach the modern Edwards Aquifer under current
vadose conditions. The absence of significant con-
tamination of the aquifer in this area is probably the
function of three related factors. First, because the
caves and related features were created to discharge,
not recharge water, they generally do not possess
surface catchment areas to channel water and contami-
nants into the Austin Chalk in sufficient volumes to
pose imminent threats to Edwards water quality.
Second, the chalk horizon covering much of the
Austin results in a poorly developed epikarst. Addition-
ally, the poorly permeable clayey soils of the area
promote moderate to rapid runoff, and some form a
caliche-like layer at their base which further inhibits
recharge (Taylor et al. 1966). Third, due to the first two
factors, most contaminants that enter the Austin Chalk
are diffusely distributed through the area and with little
hydraulic head, slowly entering the Edwards Aquifer at
a rate where they are diluted below detection limits.

Despite the factors that protect against groundwater
contamination in the Austin Chalk, significant pollu-
tion risks exist. Robber Baron Cave is home to six
endemic invertebrate species, two of which are
federally listed as endangered (U.S. Fish and Wildlife
Service, 2000). Nothing is directly known about the
tolerance of these species to pollutants; potentially
even small and diffuse amounts of contaminants may
adversely impact their populations. Significant threats
to the aquifer occur at sites that store large amounts of
hazardous materials, such as gasoline stations. If they
occur over hypogenic karst, the potential danger is due
to the volume and toxicity of pollutants that could be
released in point locations. Detailed studies of the
karst and hypogenic conditions are crucial to establish
the probable areas where contaminants on the surface
might enter a cave like Robber Baron, and to place
hazardous materials where less karstification has
developed for better containment in case of an acci-
dental release.

The most significant risk of Edwards Aquifer contami-
nation through the Austin Chalk occurs along Olmos
Creek between TMI Cave and the San Antonio Spring.
This is an area of enhanced permeability due to past and
modern spring flows. Due to pumping of the aquifer, all
of the springs periodically cease flowing and become
estavelles, episodic sites of both recharge and discharge
depending on potentiometric levels. When the springs
aren’t flowing, flooding of Olmos Creek recharges the
Edwards Aquifer through these springs and paleosprings
in the Austin Chalk. Turbid water and organic debris
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have been discharged from nearby artesian Edwards
wells after such floods (Veni, 1985), which drain 88.2
km? of highly urbanized northern San Antonio. The
volume of recharge has not been quantified, but whirl-
pools have been observed for days over the San Antonio
and associated springs. No study has been conducted to
identify which other Edwards wells intercept this
recharge, or to determine the time of travel, dilution, and
dispersal of contaminants before they reach those wells.
A major contaminant release (e.g., tanker spill, ruptured
sewer line) into Olmos Creek during such a recharge
event could severely impair the drinking water quality in
some parts of the Edwards Aquifer.

Risk delineation

Hypogenic karst poses a certain higher risk of envi-
ronmental and land use problems because it is often
poorly expressed on the land surface. Since environ-
mental vulnerability in karst is frequently measured by
the presence of solutional sinkholes and related
features, such as with the state’s regulations governing
the Edwards Aquifer region, the vulnerability of
hypogene karst may be significantly underestimated
with regard to groundwater contamination, ground
stability, endangered subsurface fauna, and related
issues.

The presence of hypogenic caves is a clear indication
of hypogenic conditions, but evolutionary studies of
regional karst development is necessary for construc-
tion of conceptual models to define their probable
range. This study has focused on Robber Baron Cave
and illustrates that at least the southwest portion of the
Alamo Heights horst, including adjacent sections of
the Olmos Creek valley, have or still experience
hypogenic groundwater flow. It is beyond the scope of
this report to conduct digital modeling of groundwater
movement to try and better define the area, but the
conceptual description in this paper provides the
framework for such modeling and especially for the
development of a focused research program to more
accurately delineate the area and its conditions.

At least two and possibly four other Austin Chalk
areas in Bexar County are hypogenic and require
further study: San Pedro Park Springs, The Labyrinth,
probably Salado Creek, and possibly Culebra Anti-
cline. The San Pedro Park Springs were previously
mentioned in this report as discharging artesian water
from the Edwards Aquifer. Several caves are reported
nearby, but none are accessible, mapped, or studied;
the area has been urbanized for about 100 years, and
all reported caves are filled. The Labyrinth is an
incompletely explored maze cave with at least 248 m
of surveyed passage and morphologic features report-



edly similar to Robber Baron Cave that strongly
suggest it also has a hypogenic origin (Texas Spe-
leological Survey, unpublished reports and data). It is
located 6.4 km northwest of Robber Baron and is
probably related to the Edwards Aquifer. Edwards
Aquifer springs have been reported anecdotally along
Salado Creek within and downstream of the Alamo
Heights horst. A study verifying these reports and
determining the distribution of probable paleosprings
is warranted to better evaluate the potential loss of
contaminated urban stream flow into permeable
hypogene features that may recharge the Edwards
Aquifer. The outcrop of Austin Chalk on the Culebra
Anticline in western Bexar County holds several
extensive and hydrologically active caves (Veni,
1997a). Phreatic morphologies are known in these
caves, but no clearly hypogenic features have been
noted. No springs have been identified for the area,
and there is speculation that it may recharge the
Edwards Aquifer. If this area proves hypogenic or a
non-hypogenic recharge area for the Edwards Aquifer,
it is potentially more vulnerable to groundwater
contamination than the Alamo Heights horst area due
to significant differences in lithology, soil, and abun-
dant, focused, surface drainage into karst features.

Conclusions

The longest cave in Bexar County, Robber Baron Cave
is also without a doubt the most complicated. This maze
cave has a long history of exploration, yet most of its
passages are currently inaccessible. It formed hypogeni-
cally from artesian water in the Edwards Aquifer that
rose to the surface 2 to 2.5 million years ago, to flow as
possibly the first location of the ancestral San Antonio
Spring. The alignment of the cave with other caves,
springs, major fracture patterns, and the likely direction
of the lowering potentiometric surface with the incising
Olmos Creek, strongly suggest a physical and hydro-
logical connection as the cave’s conduit network and its
overlying spring system migrated 3.4 km southwest to
TMI Cave and then 2.3 km southeast to the current site
of the San Antonio Spring.

Understanding the cave’s origin and how the evolution
of the Edwards Aquifer and San Antonio Spring are
related allow better delineation and study of previously
unrecognized areas that pose potential risks to aquifer
quality. Understanding of hypogenic processes and
identification of key features and conditions also make it
possible to study other areas in the region to determine if
currently unrecognized hypogenic connections exist
with the Edwards Aquifer that warrant investigation and
protection. Existing hazardous material storage facilities
over the known, reported, and projected extent of
Robber Baron Cave should be at be more carefully
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monitored for leaks or spills; proposed facilities should
not be sited without detailed hydrogeologic investiga-
tions, including geophysical surveys for possible under-
lying hypogenic conduits.

Additional research in Robber Baron Cave and the
surrounding area would better define and delineate its
hydrogeologic history and physical limits. Recom-
mended studies include detailed stratigraphic mapping, a
precise leveling survey of key passage levels, geophysi-
cal surveys to determine the density of passages beyond
the limits of modern exploration, speleothem dating to
establish the upper boundary on the timing of vadose
conditions, hydrologic investigation of groundwater
within the Austin Chalk, including tracer studies when
San Antonio Spring and other estavelles in Olmos Creek
are recharging, and most especially, further exploration
of the cave and other caves in the area.
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Abstract

Integration of data from recent, diverse research
thrusts has enabled development of a conceptual
model of hypogene speleogenesis for Chilly Bowl
Cave—a system representative of Ozark Plateaus
karst developed over deep basement faults in northern
Arkansas, USA. The model is based on and is con-
strained by geologic mapping, cave mapping, struc-
tural reconstruction, gravity mapping, hydrogeologic
framework characterization (non parallel construc-
tion), ground-water tracing, endangered-species
distribution mapping, cave mineralogy, stable-isotope
and fluid inclusion geochemistry. Preexisting base-
ment faults--reactivated during tectonic pulses of the
Ouachita orogeny, the core belt of which was centered
about 150 kilometers to the south—are recognized as
a critical framework element in control of regional
karst development. Confined, geothermally heated
water was expelled from the foreland basin, flowed
under pressure toward the Ozark Dome, and recharged
overlying regional Paleozoic aquifers from below via
integrated faults and systematic joints; the geochemis-
try of these waters was established in the deeply
buried, clastic-dominated sediments of Ouachita
forebasin, which upon entering the carbonate-rich
Paleozoic sequences of the Ozarks, created a striking
diagenetic regime, creating caves and depositing
minerals—including those of the MVT ores. Cave
erosional features and deposits in Arkansas have been
found that indicate past episodes of thermal ground-
water circulation. These include upper-level paleo-
cave passages and chambers, now reactivated by
present-day stream drainage, scallops in conduits and
flow tubes evincing upward flow, dolomite breccia
linings, and remarkable dog-tooth spar (calcite)
crystals, some of which are as long as 1.9 meters. The
stable isotopic signature of the early-formed core of
these crystals is anomalous in context with local host

Advances in Hypogene Karst Studies

Rodney Tennyson
1303 CR 919, Alpena, AR 72611 USA,
Rodney. Tennyson@labarge.com

Phillip D. Hays
Department of Geosciences, University of Arkansas, 113
Ozark Hall, Fayetteville, AR 72701 USA, pdhays.uark.edu

rocks, and inconsistent with a meteoric-fluid origin of
precipitation and stream recharge percolating down-
ward from the surface. The conceptual model incorpo-
rates all known information regarding this hydro-
geologic system, and integrates seemingly disparate
observations into a coherent, consistent model that
requires hypogene speleogenesis as an initial step in a
remarkably complex history of overprinting by
numerous stages of karst development and evolution.

Introduction

The Ozark Plateaus (Figure 1) are an ancient, variably
karstified region of the mid-continent of the U.S. that
have more than 8500 reported caves, tens of thousands
of springs, and a diverse suite of accompanying karst
landforms and hydrogeologic features (Imes and
Emmett, 1994; Brahana et al., 2005). Basement rocks
in the Ozarks have a northeast-northwest orthogonal
fracture pattern expressed in geophysical signatures,
as well as major faults at land surface (Hendrix et al.,
1981; Haley et al., 1993; Hudson, 2001; Johnson,
2008).

Whereas much of the karst of the Ozark Plateaus was
formed by epigenetic processes, hypogenic karst also
is present, although it seldom has been recognized nor
seldom has been the object of major research
(Tennyson et al., 2008). The term hypogenic karst (or
hypogene speleogenesis) used herein follows the
definition of Ford (2006), in which "the formation of
caves is 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.” The lack
of discernible genetic relation with recharge from the
overlying surface is the main characteristic of this
process (Klimchouk, 2007). Epigenetic karst is
formed by aggressive recharge descending from the
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Figure 1. The Ozark Plateaus, showing the approximate location of
northeast-trending basement faults in northern Arkansas. The Upper
Flatrock Creek fault study area in Figure 2 is shown by the circle

the factors that control hydrogeology and
karst development in the region, both
hypogenic and epigenetic. We also
introduce previously unpublished stable-
isotope data (3'°C and 3'*0) and interpre-
tations to elucidate the hydrogeochemical
environment under which the spar crystals
were precipitated.

Purpose and scope

The purpose of this study is to introduce
and document a conceptual model of
hypogene speleogenesis for areas of the
Ozark Plateaus that overlie reactivated
Precambrian faults. This report is limited
in scope to the area of northwest Arkan-
sas, where major faults are well-defined
by mapping and remote sensing (Haley et
al., 1993; Hudson, 1998; Hudson et al.,
2001; Braden and Ausbrooks, 2003;
Hudson and Murray, 2004; and Johnson,

(modified from Imes and Emmett, 1994).

land surface (Ford and Williams, 2007). Understand-
ing the distinction between these types of karst and the
dominant factors that control them has evolved rapidly
over the past several decades, and only recently has
been clearly elucidated (Hill, 2000; Klimchouk et al.,
2000; Klimchouk, 2007).

This report documents a subset of hypogenetic fea-
tures that overlie deep northeast-trending faults that
extend from the land surface to the basement in
northern Arkansas, and specifically, the area of Chilly
Bowl Cave overlying the Upper Flatrock Creek fault
in Newton County, highlighted by the open circle in
Figure 1. We herein describe the integration of previ-
ous data from diverse research efforts incorporating
geologic mapping (Hudson, 1998; Hudson et al.,
2001; Braden and Ausbrooks, 2003; and Hudson and
Murray, 2004), cave mapping (Jim Terry, Rodney
Tennyson, and David Taylor, 2008, written communi-
cation, Clarksville, Arkansas), structural geology
(Granath, 1989; Hudson, 2001), gravity mapping
(Hendricks et al., 1981), hydrogeology (Brahana,
1997), ground-water tracing (Dawn Cannon, 2001,
written communication, Fayetteville, Arkansas; Chuck
Bitting, National Park Service, 2008, written commu-
nication, Harrison, Arkansas), endangered-species
distribution mapping (Brown and Graening, 2003),
cave mineralogy, stable-isotope geochemistry, eco-
nomic mineral occurrence (McKnight, 1935; Smith,
1977), and fluid inclusion studies (Leach, 1979; Leach
and Rowan, 1986) to constrain our understanding of
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2007). Emphasis and most examples from

this paper are drawn from Newton

County, and specifically the Flatrock
Creek fault (Figure 1-area of the open circle).

Conceptual model

The conceptual model of hypogene speleogenesis in
the southern Ozarks of northern Arkansas (Figure 2) is
consistent with all available data from a wide range of
disciplines. Simply, the Ouachita orogeny was the
driving force for differential uplift of basement rocks
along preexisting, major northeast-trending faults. The
greater strength of the crystalline basement rocks
allowed much of the vertical energy transmission,
acting as broad, thick fault-bound levers that facili-
tated uplift. Differential uplift was responsible for
fracturing the relatively thin overlying sedimentary
cover in a systematic stress field of orthogonally
jointed and faulted rocks. The northeast-trending
basement faults also served as preferred pathways for
fluid migration from the south. Thick basinal sedi-
ments in the Arkoma Basin and the Ouachita orogen
served as the source of organics, metals, and aggres-
sive solutions. The oblique closure of the Ouachita
orogeny from east to west expelled the heated solu-
tions toward the north. Deep burial and the geothermal
gradient supplied heat to the fluids as they moved in
the deep subsurface from the Ouachitas into the
carbonate rocks of the Ozark Plateaus Province. The
aggressive nature of the fluids dissolved and enlarged
preferred flow paths from below, creating hypogenic
karst features. Younger minerals, including sphalerite
and calcite (dog-tooth spar), were precipitated in voids
in carbonates below the shale and sandstone cover by



later-stage thermal fluids. The
terrigenous sedimentary rock
cover provided insulation and
pressure confinement such that
as the heated water was advec-
tively transported, it cooled
slowly, and retained an anoma-
lously warm signature far into
the Ozarks. The overlying
sedimentary-rock cover was
karstified by multiple pulses of
hot water, especially in areas
overlying the deep faults.
Epigenetic karstification was
later overprinted on the hy-
pogenic karst, and in many
cases, meteoric recharge exten-
sively modified original hy-
pogenic karst as local flow
conditions responded to capture
of surface streams. After the

(modified from Guccione, 1993)

pulses of uplift from the
Ouachita orogeny ceased, base
level was successively lowered
over a long interval of geologic
time, estimated to be hundreds
of millions of years. Several
ancient segments of the original
hypogenic caves have been
preserved, owing to the protec-
tion by the sandstone and chert
cover layers, and the diversion

Figure 2. Conceptual model. 1) compression caused by oblique closure (toward
northwest) of Ouachita orogen; 2) reactivation of deep basement faults, resulting
in differential uplift that accommodates shortening from compression; 3) faulting
and tilting of relatively thin sedimentary-rock cover into orthogonally jointed and
faulted blocks; 4) expulsion of deep, hot, aggressive water from the south up-
ward along fractures, creating hypogene speleogenesis; 5) later pulses of hot,
mineralized water deposited MV T minerals and accessory minerals in fractures
and voids in pores in carbonate rocks and previously created hypogene caves;
6) very long history of weathering (on the order of hundreds of millions of years)
lowered base level of main streams and drains; 7) multiple stages of overprinting
of hypogenic karst by epigenic karst processes from captured surface water and
meteoric recharge; partial plugging of preexisting voids with speleothems and
insoluble debris washed into caves from the surface.

of epigenic recharge to lower
components in the flow system
that fortuitously have kept flow away from fragile and
reactive formations. Geologically recent activity,
mostly Pleistocene in age, includes precipitated and
evaporative speleothems that were formed in the
vadose zone.

Discussion

A recent program to refine geologic mapping at a
1:24,000 scale within and near the study area has been
undertaken by several agencies and universities, most
notably the U.S. Geological Survey, the National Park
Service, the Arkansas Geological Commission, and
the University of Arkansas (Hudson, 1998; Hudson et
al., 2001; Braden and Ausbrooks, 2003; Hudson and
Murray, 2004, and Johnson, 2008). Surface geology in
the study area ranges in age from Ordovician to
Pennsylvanian. Lithologies include a thick sequence
of carbonate rocks in the deeper part of the section,
with dolomite dominant up to the Ordovician, and
limestone dominant from the Ordovician through the
middle Mississippian (Figures 3 and 4).

Advances in Hypogene Karst Studies

The Boone Formation, a major karst-forming rock
unit in the region, has significant (as much as 70%)
chert throughout much of the area. Chert and other
insoluble materials remaining after weathering mantle
surface-karst features, and provide a distinct nonkarst
appearance to the untrained eye, especially in that
physiographic province of the northwest Arkansas
Ozarks classified as the Springfield Plateau (Figure 1).
Clastic sediments characterize Mississippian though
Pennsylvanian rocks. Shales are the dominant lithol-
ogy, and where these are interlayered with siltstones,
they form confining units; where sandstones and
limestones occur, they form locally important aqui-
fers. Outcropping shale allows passage of little re-
charge, diverting most rainfall laterally to surface
streams; karst development below shale is limited,
although locally it may be well-developed where
fracturing prevails.

Structurally, the rocks in this area are nearly flat-lying
(Hudson, 2001). Dips typically are less than 3°, except
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Figure 3. Partial stratigraphic column in the area of
interest (modified from Hudson and Murray, 2004).

Figure 4. Relation of
the northeast-
trending Flatrock
Creek fault to the
surface geology
(from Hudson and
Murray, 2004) and
cave locations (after
Tennyson et al.,
2008). Structural
contours on top of
the Boone
Formation are
shown in blue, and
cave locations are
shown in green.
Chilly Bowl Cave is
furthest west and is
labeled, Endless
Cave is furthest
east, and Big Hole
Cave is in between.
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for locations where faulting has occurred (Figure 4).
Uplift is observed to increase from west to east across
the study area, and near Flatrock Creek fault, in
Newton County, and the nearby bluffs of the Buffalo
National River. Vertical cave entrances are consistent
with uplift of tens to hundreds of meters (Figure 5)
compared with the same formations in nearby counties
(Fanning, 1994). Brittle fracturing (systematic joint-
ing) dominates the structural geology (Hudson, 2001)
suggesting thin overburden during deformation of
these formations.

Timing of the faulting is constrained by surface
mapping, and by olistoliths. Soft-sediment deforma-
tion in the form of olistoliths is documented from one
recently excavated road cut within 50 meters of a
major northeast-trending basement fault (Bella Vista
fault). This outcrop lies near the highway 412 bridge
that crosses the Illinois River near Robinson, in
Benton County (~120 km east of the Flatrock Creek
fault), indicative that movement on this basement fault
was active as early as Osagean time (about 360
million years ago), when St. Joe sediments had yet to
be indurated (Chandler, 2001). Energy released from
the surface waves associated with this faulting had to
be significant enough to initiate sliding on basal
bedding plane with a dip of no more than 3°.

Within Chilly Bowl Cave, faults are common (Figure
6) and clearly visible. Only a few of these faults are of
a magnitude to be shown on published geological
quadrangle maps at a scale of 1:24,000 (Hudson,
1998; Hudson et al., 2001; Braden and Ausbrooks,

Advances in Hypogene Karst Studies




Figure 5. View from inside Big Hole Cave looking up
at the entrance about 38 meters above.

2003; and Hudson and Murray, 2004). Most of these
individual faults appear to have been important at
controlling ground-water flow that formed cavern
passages.

Bouguer gravity anomalies suggest that reactivation of
basement faults has been a major control on fracturing
in this part of the Ozarks (Hendricks et al., 1981),
owing to the steep gradients in gravity near known
northwest-trending surface faults. The occurrence,
symmetry, and magnitude of the gravity anomalies is
such that basement rocks are required to be involved;
rocks of the sedimentary cover alone cannot explain
the observed data. Deep drilling records are yet
additional data sources that reflect the displacement of
basement rocks across major faults (Hendricks et al.,
1981).

Hydrogeologically, flow pathways and cave passages
tend to be aligned and to lie on near-horizontal bed-
ding planes of slightly-tilted blocks (Brahana, 1997),
or along near-vertical shafts that follow joints and
fractures (Jim Terry and Rodney Tennyson written
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communication, 2008). Brahana (1997) has used
orthogonal fracturing to successfully delineate spring-
basin boundaries in shallow karst aquifers elsewhere
in the region, and the mechanism proposed appears to
be applicable to Newton County as well. In a cave
such as Chilly Bowl, dozens of faults and fracture
features are common (Figure 6).

Hydraulic gradients of the present ground-water flow
system, which generally appear to follow the tilt
(structural dip) of the rock formations, act independ-
ently (are decoupled) from surface-water bodies,
particularly where chert horizons in the Boone Forma-
tion act as effective confining layers. As such, this
decoupling is lithologically controlled, but in areas of
faults and major joints, is dependent on structure.
Stream piracy is one manifestation of combined
lithologic and structural control that is obvious.

Dye tracing studies within (Dawn Cannon, University
of Arkansas, 2000, written communication, Fayette-
ville, Arkansas) and near the study area (Tom Aley,
2004, written communication, Protem, Missouri)
indicate that ground-water flow across surface-water
drainage divides is common. Water-level maps and
cave diving explorations indicate that portions of
some faults currently act as ground-water dams.

The distribution of most known occurrences of endan-
gered species of cave crayfish and cavefish
[Cambarus setosis, Cambarus aculabrum, and Ambly-
opsis rosea] (Brown and Graening, 2003; David
Kampwerth, U.S. Fish and Wildlife Service, 2008,
written communication, Conway, Arkansas) along the
major northeast trending faults in northwest Arkansas
is consistent with deep faulting. It is suggested that the
oblique closure of the Ouachitas was transferred to the
distal part of the stress field by the stronger basement
rocks, resulting in reactivation of Precambrian faults.
Differential movement of these basement faults
resulted in uplift (Figure 4), during which brittle
sedimentary rocks were faulted, systematically
jointed, and tilted slightly; overlying the major base-
ment faults, fracturing was continuous from basement
to land surface. These dominant fault zones underwent
dissolution and later served as conduits for ground-
water flow as well as pathways for dispersal of subter-
ranean species. Endangered species are found only in
caves that lie at the distal end of current flow systems
that are large enough for human entry. It is suspected
that these organisms also occur within deep aquifers
that are inaccessible to humans. Hydrocarbon spills in
the southern Missouri part of the Ozarks support this:
endangered species live within carbonate aquifers, and
are not restricted only to caves. In several reported
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instances, dead cavefish were observed where spills
occurred yet no caves were present, nor were any
cavefish ever previously observed (Carol Wicks,
2001, written communication, Columbia, Missouri).

Terry, 2008, written communication, Rogers, Arkan-
sas; Rodney Tennyson, 2008, written communication
Carrolton, Arkansas) also indicates that passages
formed by hypogene processes likely have been
utilized by later epigenetic processes, with a reversal
of flow so that presently flow in the upper portions of
the cave is downward.

>

Cave mapping (Figure 6) indicates that passages in
Chilly Bowl Cave appear to have been formed by
deep flow from below along integrated systematic
joints and faults (Figures 6 and 10), driven by hydro-
static pressure. Erosional features and deposits ob-
served indicate past episodes of thermal ground-water
circulation, with directional scallops in conduits and
flow tubes showing upward flow. Cave mapping (Jim

Additional documentation of thermal hypogene flow
includes upper-level paleo-cave passages and cham-
bers, now reactivated by present-day ground-water
drainage, dolomite breccia linings on cave walls, and
remarkable, beautifully preserved, large crystals of
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dog-tooth spar (Figures 7 and
8). These crystals occur in the
highest level of the cave,
protected from dissolution and
erosion from above by a
sandstone caprock. Present-
day recharge from the surface
has been diverted to lower
levels in the cave by older
hypogene features, bypassing
those few remaining passages
where the crystals have been
spared. Uranium-series ra-
dionuclide dating of these
crystals is planned but has not
been completed.

Stable-isotopic analyses of
samples taken from a transect
of one of the dog-tooth spar
crystals from Chilly Bowl
Cave shows a crystal section
(samples 6-8 in Figure 9 and
Table 1) that exhibit anomalously light '°C, consis-
tent with hypogenic calcite derived from the oxidation
of methane to CO,. Most other samples fall on a
simple mixing line near the margins of thermal

Figure 8. Backlit dogtooth spar crystal from Chilly
Bowl Cave showing incipient cleavage planes. A bro-
ken sample from an in situ crystal was used for stable
isotope analysis (see Figure 9 for sampling locations,
and Table 1 for isotopic values for each location).

Advances in Hypogene Karst Studies

Figure 7. An upper-level passage in Chilly Bowl Cave, uniquely preserved with
large dogtooth spar crystals that are thought to have been precipitated by thermal
brines from hypogene sources. The caver’s head serves as scale.

carbonate minerals (Palmer, 2007). Samples 6-8
reveal an anomalous 8'°C signature (Figure 10 and
Table 1) in that 3"°C is about -20 %o, unlike other
calcite samples from the region (P.D. Hays, 2008,
written communication, Fayetteville, Arkansas).
Although speculative at this time, one hypothesized
source is the organic-rich, Arkoma hydrocarbon basin
that lies on the flow path from the Ouachita Moun-
tains in the south to the study area in north Arkansas

(Figure 1).

Economic minerals (sphalerite, galena, and chalcopy-
rite) are present in the Rush mining district
(McKnight, 1935; Smith, 1973), north and east of the
study area about 30 km; the same mineralogy is
disseminated throughout much of the area in noncom-
mercial quantities. Although these are not directly
related to the karst focus of this report, the source of
the metals and the details of the hydrogeology associ-
ated with mineral emplacement are hypothesized to be
related to the hypogenic fluids responsible for early
karst initiation along Flatrock Creek Fault.

Fluid-inclusion research (Leach, 1979; Leach and
Rowan, 1986) provides additional insight into the hot
temperatures of mineralizing fluids that were hypothe-
sized to have been expelled northward from the
Arkoma Basin through permeable Paleozoic carbonate
rocks toward the Ozark uplift. Using homogenization
temperatures of fluid inclusions in sphalerite, these
authors showed a northward cooling of deep basinal
brines that deposited sphalerite. Temperatures ranged
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Table 1. Stable isotopes of carbon-13 (5'°C) and oxy-
gen-18 (5 '%0) for each of the data points measured on
the cleavage face (labeled A) and outside of the spar
crystal (labeled B) from Chilly Bowl Cave. Sampling
locations on the cleavage face are keyed to approxi-
mate locations in Figure 9. Anomalous samples are
shaded. DUP reflects separate, duplicate samples
from the same location in the crystal, with RERUN
reflecting lab analyses rerun on a single sample. NS
indicates no sample.

3'3C (in VPDB)

Sample ID (QA/QC) 3'®0 (in VPDB)

A1 0.83 -8.09
A2 1.03 -8.76
A-3 -0.53 -8.71
A4 -1.59 -8.50
A-4 (RERUN) -1.75 -8.51
A-4 (DUP) -1.22 -8.39
A5 0.03 -9.83
A6 -20.28 -9.97
A7 -19.02 -9.84
A8 -18.83 -9.86
A-8 (DUP) -18.74 -9.59
A9 -4.48 -9.71
A-10 -0.09 -9.38
A-11 -1.79 -8.84
A-12 (DUP) -6.71 -6.79
A-12 (RERUN) -6.88 -6.70
A-13 -4.07 -8.27
A-14 -4.28 -8.65
A-15 -4.19 -8.40
A-15 (DUP) -4.03 -8.16
A-16 NS NS
A-15 (RERUN) -4.16 -8.32
A-17 -5.29 -9.25
A-18 -5.37 -9.76
B-1 -0.29 -7.98
B-2 -6.35 -7.59
B-2 (RERUN) -6.27 -7.40
B-2 (DUP) -6.18 -7.29
B-3 -5.29 -7.31
B-4 -4.39 772
B-5 -5.24 -6.99
B-5 (DUP) -5.25 6.97

from ~120° C at ~100 kilometers north of the
Ouachita Mountains to ~80° C in deposits ~400
kilometers north of the Ouachitas. At about 170 km,
the approximate location of this study area, the tem-
perature is interpolated to be greater than 100° C. The
hydrogeology associated with these deposits in the
mining areas appears to be quite similar to the study
area.

Summary

The compilation briefly discussed herein documents a
general conceptual model of hypogene speleogenesis
(Figure 2), and relates it to a specific north-south
section of Chilly Bowl Cave along the Flatrock Creek
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fault (Figure 11 and Table 2) that is consistent with all
available data from a wide range of disciplines.
Simply, the Ouachita orogeny was the driving force
for differential uplift of basement rocks along pre-
existing northeast-trending faults, for faulting and
tilting of the overlying sedimentary cover, and for
fluid migration from the south; basinal sediments of
the Arkoma Basin were the source of organics, metals,
and aggressive solutions. Faulting created preferred
paths for fluid flow; the geothermal gradient supplied
the heat, and the shale and sandstone cover of terri-
genous sedimentary rocks supplied the insulation and
pressure confinement such that the hot water was
advectively transported, slowly cooled, and retained
an anomalously warm signature far north into the
Ozarks. The strength of the crystalline basement rocks
allowed much of the energy transmission, acting as a
broad, thick lever to facilitate uplift. Uplift was
responsible for fracturing the relatively thin overlying
sedimentary cover in a systematic stress field of
orthogonal jointed and faulted rocks. This overlying
cover was karstified by multiple pulses of hot water,
especially in areas overlying the deep faults.

Epigenetic karstification was later overprinted on the
hypogenic karst, and in many cases, meteoric recharge

sampling

0.0 OO0 O @ @ @€¢000OO0 OO0 O O

1

Figure 9. Sketch showing approximate locations of
sampling sites for stable isotope analyses on a cleav-
age face of a spar crystal similar to that shown in Fig-
ure 7. Samples are numbered from 1 at the bottom
and increase sequentially upward. Samples 5 through
8, indicated by solid red points, are anomalously light
in 8°C, consistent with hypogenic calcite derived from
the oxidation of methane to CO..
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extensively modified original hypogenic karst as local
flow conditions responded to capture of surface
streams. After the pulses of uplift from the Ouachita
orogeny ceased, base level was successively lowered
over a long interval of geologic time, estimated to be
hundreds of millions of years. Several ancient seg-
ments of the original hypogenic caves have been
preserved, owing to the protection by the sandstone

and chert cover layers, and the diversion of epigenic
recharge to lower components in the flow system that
fortuitously have kept flow away from fragile and
reactive formations. Geologically recent karst activity,
mostly Pleistocene in age, represents the final stage of
cave evolution, and includes precipitated and evapora-
tive speleothems that were formed in the vadose zone.
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Figure 11. North-south section of Chilly Bowl Cave illustrating the vertical speleogenetic development, major fault-
ing associated with the Flatrock Creek fault, current level of Davis Creek, current base level, the top of the Boone
Formation, and sources of thermal input that are preserved within the cave. Letters on the figure show the relative
sequence of events keyed to documentation provided in text and summarized in Table 2.
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Table 2. Features of the conceptual model, including interpretation relevance, and timing of key events that affected
speleogenesis of Chilly Bowl Cave. Attribute locations within cave are approximated on Figure 11.

Attribute ID Feature/Evidence Interpretation Relative Timing Comments
near-vertical shafts cut- upward, cross formational likely old, formed by strong evidence of hy-
ting across bedding and flow, along sections of vertically upward flow pogenic flow; scallops indi-

A chert layers; scallops fractures in confined conduits cate flow direction from
indicate upward flow below.
amber dogtooth spar precipitated from hot water very old, although likely part of paragenetic
crystals expelled from Ouachita younger than attrib- sequence associated with
Basin along major base- ute A. lead and zinc deposits
B ment faults.
stable isotopes— carbon-13 data in core of samples 6-8 carbon-13 data and meth-
particularly carbon-13 measured crystal consis- (Table 1) are likely ane source are consistent
tent with methane source on the order of more with flow from an organic-
than 300 M years, rich environment, such as
C consistent with olisto- Arkoma Basin

liths related to base-
ment faulting
(Chandler, 2000)

radionuclide dating of uranium-lead dating feasi- | these analyses would radionuclide dating is
spar ble if background lead provide strong abso- planned, but not yet com-
concentration is low lute age date for pleted
spar, if samples have
D not been contami-
nated with lead
surface erosion, land- karst drainage of surface stable isotopes are multiple periods of stream
surface lowering, and water was opportunistic, consistent with mix- capture appear to have
capture of meteoric sur- and followed flow paths of ing of hypogenic and overprinted earlier zones of
face water least resistance meteoric waters; this | focused flow from hypogenic
mixing was present sources
E in the outer margins

of the spar crystal, so
this represents a
significant interval of

time
cavern morphology typical morphology in plan developed and strongly influenced by initial
(Figures 6 and 11) and and section for hypogenic evolved over long hypogenic development
erosional features cave (Klimchouk, 2007) period of time; over-
printing of old hy-
F pogenic features by

younger epigenic
features dominates
cave, but is far from

complete
fluid inclusions homogenization tempera- fluid expulsion from thermal water from a non-
tures of nearby sphalerite the south during meteoric source is sup-
G deposits indicate T >100°C Ouachita orogeny ported by these data and
(Leach, 1979); areal distri- are consistent with flow and
bution shows cooling geochemical signatures
northward
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THE RELATIONSHIP OF OIL FIELD-DERIVED
HYDROGEN SULFIDE IN THE PERMIAN (GUADALUPIAN)
ARTESIA GROUP TO SULFURIC ACID SPELEOGENESIS

IN THE GUADALUPE MOUNTAINS,
NEW MEXICO AND TEXAS, USA

Harvey R. DuChene
HNK Energy LLC, P.O. Box 362, Lake City, Colorado 80112
USA, hduchene@comcast.net

Abstract

Hydrogen sulfide (H,S) is common in oil, gas and
connate water associated with the Capitan aquifer and
equivalent strata of the Artesia Group (Permian,
Guadalupian) in southeast New Mexico, USA, east of
the Pecos River. This H,S is a byproduct of the
microbial oxidation of hydrocarbons and reduction of
sulfate in Artesia Group oil reservoirs. Most of the
reservoir facies of the Artesia Group crop out on the
north side of the Guadalupe Mountains, where oil
fields in Guadalupian strata are absent, except near the
Pecos River. In this area, H,S is found in connate
water and native sulfur occurs in Artesia Group strata.
Fluid inclusions containing hydrocarbons in late stage
calcite cements on the north side of the Guadalupe
Mountains, and in speleogenetic sulfur in Lechuguilla
Cave indicate the former presence of oil and gas
accumulations in Artesia Group reservoirs west of the
Pecos River. Hydrogen sulfide derived from the
microbial alteration of crude oil in these reservoirs is
the most likely source of the sulfuric acid that drove
Late Tertiary speleogenesis and formed large

and Cunningham, 2006). For the sulfuric acid reaction
to occur, two critical ingredients are required; hydro-
gen sulfide (H,S) and oxygen (O,). Hydrogen sulfide
was formed in the subsurface by the biogenic altera-
tion of hydrocarbon and sulfate, which is a hypogenic
process. Since the reaction occurred at or near the
water table, O, was most likely supplied from the
atmosphere in air-filled porosity in the vadose zone
and by oxygenated meteoric water seeping downward
from the surface of the earth, which is an epigenic
process. Sulfuric acid dissolution of limestone in the
Guadalupe Mountains is therefore a combination of
hypogenic and epigenic processes. The presence of
caves in the Guadalupe Mountains that contain abun-
dant mineralogical and speleogenetic evidence of the
sulfuric acid reaction proves that hydrogen sulfide
must have been present. Polyak et al., (1998) show
that sulfuric acid speleogenesis in the Guadalupe
Mountains ended 3.8 Ma. Therefore, conditions that
supported dissolution of limestone and dolomite by
sulfuric acid in the Guadalupe Mountains were differ-

passages and galleries in caves of the Guada-
lupe Mountains.

Introduction

The Guadalupe Mountains of New Mexico and
Texas, USA (Figure 1), are renowned for the
caves they contain, including Carlsbad Cavern
and Lechuguilla Cave. These caves are a result
of the dissolution of limestone and dolomite by
sulfuric acid (Hill, 1987). This process occurred
within the Capitan aquifer where meteoric
water mixed with connate water rich in hydro-
gen sulfide to form sulfuric acid (Hill, 1987,
DuChene and McLean, 1989; DuChene and
Cunningham, 2006). The volume and geometry
of the caves is a consequence of sulfuric acid
dissolution at or near the water table during the
last 14-12 Ma (Polyak et al., 1998), where
dissolution of carbonate modified and enlarged
early stage vertical caves that formed along
faults and fractures (Palmer, 2000; DuChene
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Figure 1. Index map showing the location of the Delaware basin
and surrounding features, including the Guadalupe Mountains

and Capitan aquifer.
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ent during Late Tertiary speleogenesis than they are
today.

In her 1987 treatise on speleogenesis in the Guadalupe
Mountains, Carol Hill presented a convincing array of
data in support of a sulfuric acid origin for the caves.
She proposed that the source of H,S was in the Dela-
ware basin, south of the Guadalupe Mountains. In her
model, H,S was generated at the contact between the
Bell Canyon Formation and the Castile Formation,
where hydrocarbons were altered by anaerobic bacte-
ria. In this process, bacteria oxidized hydrocarbons
and reduced sulfate, converting anhydrite to calcite
and generating H,S. Hydrogen sulfide generated by
this process migrated up-dip into the Capitan Lime-
stone and associated backreef carbonates to mixing
zones where it was converted to sulfuric acid (Hill,
1987, her Figure 87).

The purposes of this paper are: 1) to show that H,S is
a common constituent of connate water in Permian
(Guadalupian) strata on the northwest shelf of the
Delaware basin, and 2) to demonstrate that H,S on the
shelf north of the Capitan aquifer was a major con-
tributor of the sulfuric acid that enlarged Guadalupe
Mountain caves.

Definition of the Capitan aquifer and

the Artesia Group

Hiss (1980) defined the Capitan aquifer as a lithosome
that includes the Capitan and Goat Seep formations
and the Carlsbad facies of the Artesia Group, as
defined by Meissner (1972) (Figure 2). The Artesia
Group is comprised of the Grayburg, Queen, Seven
Rivers, Yates and Tansill formations in ascending
order. The Carlsbad facies of the Artesia Group

consists of near shelf edge dolomites and thinner,
intercalated sandstones that grade into or pinch out
into reef strata of the Capitan and Goat Seep forma-
tions (Meissner, 1972, p. 206). Artesia Group forma-
tions grade from a predominantly carbonate facies
with some clastics near the shelf margin to red shale,
sand and anhydrite toward the shelf.

The Capitan aquifer nearly encircles the Delaware
basin, and is exposed in the Guadalupe, Apache, and
Glass Mountains (Figure 1). The portion of the Capi-
tan aquifer pertinent to this discussion lies in south-
eastern New Mexico where it is buried beneath
Ochoan and younger sediments east of the Pecos
River, and is exposed to the west in the Guadalupe
Mountains.

The Capitan aquifer is now and has been a primary
conduit for transport of meteoric water into the
subsurface of the Permian basin (Hiss, 1980). East-
directed hydrodynamic flow was strongest in early- to
mid- Tertiary time, prior to faulting associated with
the opening of the Rio Grande Rift (Lindsay, 1998).
Hydrodynamic flow today is diminished due to the
reduction in hydrostatic head caused by the opening of
the Rio Grande rift (Lindsay, 1998; DuChene and
Cunningham, 2006) and breaching of the Capitan
aquifer by the Pecos River (Hiss, 1980, p. 294).

Relationship of hydrocarbons to

the Capitan aquifer

Figures 3, 4 and 5 are maps showing the distribution
and characteristics of fluids within the Capitan aquifer
and laterally equivalent strata. Figure 3 shows the
distribution of H,S in oil trapped in reservoirs of the
Artesia Group. Figure 4 shows the concentration of
chloride ions, reflecting the salinity
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from field reports included in
symposia published by the Roswell
Geological Society (1956, 1960).
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not all of the oil fields in southeast-
ern New Mexico are included in
the symposia, and many of the
individual field reports do not
provide information on H,S or
sulfur. The chloride concentration
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Figure 2. Diagrammatic cross section through the Capitan shelf margin
showing the Capitan aquifer (shaded), which is comprised of the Goat Seep
and Capitan formations and the Carlsbad facies of the Artesia Group.
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Distribution of sulfur and H,;S
Figure 3 shows the Capitan aquifer and the location of
major oil fields in the Artesia Group in southeastern
New Mexico. Much of the oil production from the
Delaware basin east of the Pecos River is from Per-
mian (Guadalupian) reservoirs in the Artesia Group
along an arcuate trend north of the Capitan shelf
margin. Ward et al. (1986) reported that 7.4 billion
barrels of oil have been produced from Artesia Group
reservoirs. Much of the oil produced from these
reservoirs is stratigraphically trapped and contains
sulfur and/or H,S. Stratigraphic traps in the Artesia
Group are formed where porous and permeable
carbonates grade up-dip into non-porous siltstone,

shale and anhydrite.

Several oil fields where sulfur and/or H,S have been
reported are highlighted along the Artesia Group oil-
producing trend (Figure 3). The percentage of H,S in
each field is plotted on the map and summarized in
Table 1. It is likely that most, if not all, of the oil and
gas produced from Artesia Group reservoirs is sour
but information regarding the sulfur content has not
been published for all wells. The western limit of
production from Artesia Group reservoirs is located
near the Pecos River between the towns of Carlsbad
and Artesia, New Mexico. West of the Pecos, many of
the oil-productive Artesia Group formations crop out

Figure 3.
Distribution of
sulfur and H,S in
the Artesia Group
of southeastern
New Mexico. The
Capitan aquifer is
shown in blue.
Major oil fields
that produce from
Artesia Group
reservoirs are
shaded yellow. Oil
fields where
information on
H,S content of oil,
gas or water has
been reported are
shaded green.
Squares symbols
are drill holes
where native
sulfur has been
reported.
Triangles note
occurrences of
speleogenetic
sulfur in caves.

on the north flank of the Guadalupe Mountains
(Figure 1). Although there are no Artesia Group oil
fields on the north flank of the Guadalupe Mountains
today, there is evidence that oil was once trapped in
Artesia Group reservoirs. Scholle, et al. (1992) found
fluorescent oil inclusions in Artesia Group rocks in
backreef facies near the Capitan shelf margin in the
Guadalupe Mountains. Spirakis and Cunningham
(1992) reported light chain aliphatic hydrocarbons
from fluid inclusions in sulfur from Lechuguilla Cave.
Porous limestone samples collected by the author
from Grayburg outcrops on the western side of the
Guadalupe Mountains have a strong petroleum odor
when freshly broken.

East of the Pecos River and north of the Capitan shelf
margin there are several small oil fields that lie within
the boundaries of the Capitan aquifer (Figure 3). Most
of these fields produce from the Yates Formation and
have oil with low API gravity (Figure 5). Formation
water containing H,S is produced with oil from
Capitan aquifer and Artesia Group reservoirs extend-
ing from the Pecos River to Henderson field in Texas
and beyond (Table 1).

The origin of sulfur in Castile Buttes of the Delaware
basin has been attributed to the biogenic oxidation of
oil and associated reduction of sulfate (Kirkland and
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Table 1. Oil and gas fields in Artesia Group reservoirs with reported H,S.

Depth to producing | API H.S
Field Formation Location zone gravity | content | Comments: fluids Reference
ft M
Aid Yates T19S, R28-29E 792 241 39.7° sour oil E.E. Kinney 1956a
Queen- T21-22S, R36- o o . Roswell Geol. Soc.
Arrowhead Grayburg 37E 3560 1085 34 1.3% |8 ppm H.S in water Sym. Comm. 19656a
90 ppm H,S in wa- |Roswell Geol. Soc.
0
Atoka San Andres T18S, R26E 1520 463 37 ter Sym. Comm. 19656b
Cedar Hills Yates T21S, R27E 550 168 21° low btu sulfur gas |H.F. Schram 1956a
r'?]‘;f]:ser' Yates T20S, R30E 1650 503 27° sourcrude  |H.W. Puckett 1960
Gem Yates T19S.R33E | 3240 | 988 | 31° 590 ppm MSIN - Iny wilson 1956
Getty Yates T20S R29E 1320 402 |[19°-24°| 0.9% sour, 550btu | Roswell Geol. Soc.
’ ’ Sym. Comm. 19656¢
Grayburg- | Grayburg- | 4179 pog 31E | 2600 792 36° | 1.2% A.A. Fryman 1956
Jackson San Andres
Halfway Yates T20S, R32E 2496 761 26° 9.0% H.N. Sweeney 1956a
Henderson | 'ates- Block 26, PSL | 3547 920 low btu gas, high ;0 ins et al. 1993
Seven Rivers Survey nitrogen
Grayburg- T18-19S, R37- o o 750 ppm of H,S in |K.D. McPeters and
Hobbs San Andres 38E 3700 1128 34 1.0% formation water [J. M. Kelly 1956
House San Andres | T20S, R38-39E 4365 1330 34° 1.9% M.L. Zoller 1956
Yates- T21-26S, R35- o Roswell Geol. Soc.
Jalmat Seven Rivers 37E 2800 853 29 sweet and sour gas Sym. Comm. 19656d
Lanlie- Yates- T22-26S, R36- o sour gas in south .
Mattix Seven Rivers 38E 2500 762 37 part of field B. Stringer 1956
Littman San Andres | T21S, R38E 4350 1326 31° trace of H;S in for- |, \ 'sweeney 1956b
mation water
McMillan  |S8VeN RVers-| 1195 po7e 550 168 29° slightly sour  |D. Fryman 1956
Queen
Millman Queen- o P.M. Mershon Jr.
East Grayburg T19S, R28E 1700 518 38 sour gas 1960
o water with high H,S|Roswell Geol. Soc.
P.C.A. Yates T20S, R30E 1450 442 20 content Sym. Comm. 196566
Penrose- Queen- T21-22S, R36- o o
Skelly Grayburg 37E 3435 1047 36 1.0% W.R. Green 1956
Grayburg- T17-18S, R27- o o Roswell Geol. Soc.
RedLlake | gan Andres 28E 1780 543 | 292° | 0.9% Sym. Comm. 19656
Yates-Seven o o Roswell Geol. Soc.
Rhodes Rivers T26S, R37E 3270 997 36 1.0% Sym. Comm. 19656g
Robinson | Crayburg- | T16-17S, R31- | 3550 | 4082 | 34.5° | 0.9% E.S. Dietrich 1956
San Andres 32E
Russell Yates T20S,R28W | 800 244 | 3820 | 0.9% | [22PPMHES N Senram 19560
ormation water
Square Grayburg- T16-17S, R30- o o
Lake San Andres 31E 3325 1013 38.7 0.9% J.M. Goodger 1956
Tonto Yates T19S, R33E 3465 1056 33° sour oil E.E. Kinney 1956b
Grayburg- T17-18S, R33- o o .
Vacuum San Andres 35E 4680 1426 36 1.0% R. Milks 1956
Young Queen T18S, R32E 3725 1135 37° 1.0% H.N. Sweeney 1956¢
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Evans, 1976; Hill, 1987). A similar origin is docu-
mented for late-stage calcite cement and H,S in the
Henderson (Yates and Seven Rivers) field, located in
Winkler County, Texas near the southeastern corner
of New Mexico (Figure 3) (Wiggins et al., 1993).
Although there are few Artesia Group oil fields west
of the Pecos River, there is evidence of sulfur and H,S
in the area. Hinds and Cunningham (1970, p. 4) state
that “many of the early drillers in Eddy County
reported “sulphur water” and “black sulphur rock” in
numerous wells. Water saturated with hydrogen
sulfide is common in wells throughout much of the
county.” On Figure 3, core and drill holes where
sulfur was encountered are plotted as black squares.
Hinds and Cunningham (1970, p. 9) attributed these
sulfur occurrences to “...the alteration of anhydrite to
carbonate and sulfur by the metabolic processes of
bacteria in the presence of hydrocarbons.” Sulfur has
also been found in Carlsbad Cavern (Hill, 1987),
Cottonwood Cave (Davis, 1973) and Lechuguilla
Cave (Cunningham et al., 1993), where it is inter-
preted to be a byproduct of the dissolution of lime-
stone by sulfuric acid (Hill, 1987). It is likely that oil
and gas containing sulfur and H,S were present in
traps on the north side of the Guadalupe Mountains
prior to uplift of the Alvarado Ridge and opening of
the Rio Grande rift (Scholle et al., 1992; DuChene and
Cunningham, 2006).

Distribution of chlorides in the Capitan
aquifer and age-equivalent strata

Figure 4 shows the Capitan aquifer and major Artesia
Group oil fields. Contour lines show the chloride ion
concentration in mg/liter (modified from Hiss, 1975;
1980). The API gravity of the Artesia Group oil is also
shown. Within the Capitan aquifer, chloride ion
concentration is uniformly low, but the concentration
north and south of the Capitan aquifer gradationally
increases to more than 100,000 mg/1. Hiss (1980)
regarded the aquifers north and south of the Capitan
shelf margin as separate from and poorly connected to
the Capitan aquifer. One anomaly is the low chloride
concentration near Hobbs, New Mexico in the north-
east part of the map. The contours suggest the area
near Hobbs is now, or was, an outlet for water flowing
through the Capitan aquifer, allowing for east directed
hydrodynamic flow Hiss, (1980).

API Gravity of oils in strata associated

with the Capitan aquifer

The quality of oil is commonly measured by its API
gravity and its sulfur content. API gravity is a meas-
urement of the weight of crude oil compared to water.
There is an inverse relationship between API gravity
and density.
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Figure 5 shows the API gravity of crude oil in and
near the Capitan aquifer in southeastern New Mexico.
Lowering of API gravity can be caused by oxidation,
water-washing and microbial degradation (Bailey et
al., 1973). API gravity values are also plotted on
Figure 4, which shows that most of the lower values
are associated with relatively fresh water in the
Capitan aquifer. The lowest values are found near the
Pecos River at Carlsbad, and API Gravities gradually
increase to the east, within the Capitan aquifer, and to
the north and northeast in laterally equivalent strata.

Degraded oil has been found in fluid inclusions in late
-stage calcite at Henderson field (Wiggins, et al.,
1993, p 783-784). The oil in the inclusions is more
degraded than the oil that is currently produced from
the reservoir, leading Wiggins et al., (1993, p. 788) to
conclude that the Henderson reservoir was either
replenished by a second pulse of oil after calcite
cementation or the original oil column was displaced
and oil migrated back into the reservoir after calcite
cementation. The oil column at Eunice-Monument
field was displaced by strong, eastward directed flow
of meteoric water prior to the opening of the Rio
Grande rift (Lindsay, 1998). When hydrodynamic
flow diminished, oil migrated back into the trap at
Eunice-Monument, partly refilling the reservoir
(Robert F. Lindsay, personal communication, 2008).

Discussion

Sulfur and H,S are common constituents of oil, gas
and water in the Capitan aquifer and Artesia Group
strata in southeastern New Mexico. They are most
likely derived from the alteration of sulfates and
hydrocarbons by microbes in Artesia Group reser-
voirs. For example, Henderson field, near the south-
eastern corner of New Mexico (Figure 3, 4 and 5),
produces oil from Yates and Seven Rivers reservoirs.
Oil in this reservoir is degraded due to oxidation by
bacteria, which resulted in precipitation of late stage
calcite and production of H,S (Wiggins et al., 1993).
Henderson field is one of many oil fields in Artesia
Group reservoirs on the shelfward side of the Capitan
aquifer. Most of these fields are stratigraphically
trapped by the gradual up-dip increase of anhydrite
pore filling. Calcium sulfate (CaSQO,) is an integral
part of the trapping facies in these fields and provides
a source for the sulfur released by microbial metabo-
lism. Hydrogen sulfide is a documented constituent of
the oil in many Artesia Group oil fields, and is likely
found in all of them. The biogenic degradation of
hydrocarbons generated huge amounts of H,S which
is found today in oil, gas and formation water in
Artesia Group strata and the Capitan Aquifer. Diffu-
sion is the probable mechanism for the widespread
distribution of H,S in these reservoirs.
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West of the Pecos River, on the northwest flank of the
Guadalupe Mountains, there are numerous drill holes
where sulfur has been documented (Figure 3), and
water containing H,S is commonly encountered by
drillers in this area (Hinds and Cunningham, 1970).
The presence of sulfur and H,S suggests that micro-
bial alteration of hydrocarbons and sulfate may have
occurred in the past. Today, the hydrocarbons have
been consumed or leaked from the reservoirs, but
there is evidence that they once existed (Scholle et al.,
1992; Spirakis and Cunningham, 1992).

Iso-API gravity contour lines show a pronounced
plume of lower gravity oils coincident with the
Capitan aquifer (Figure 5). The chloride ion concen-
tration in strata of Guadalupian age is lowest (10,000
mg/1 or less) within the Capitan aquifer. This suggests
a relationship between water within the aquifer and
low API gravity of the oils. The API gravity of oil can
be decreased by oxidation, which normally occurs in
near surface environments, by water-washing, and by
biogenic alteration and degradation of hydrocarbons
(Bailey, et al., 1973). The depth of hydrocarbon
accumulations in Permian (Guadalupian) reservoirs
generally decreases from east to west (Table 1), with
most of the reservoir formations cropping out on the
northern and western sides of the Guadalupe Moun-
tains. Oil in the shallowest Artesia Group reservoirs
may have been degraded in part by oxidation, and in
part by microbial metabolism. Oil in traps that directly
overlie the Capitan aquifer is exposed to the strongest
hydrodynamic flow. Oil in these traps may have been
degraded by microbial metabolism, oxidation and
water-washing.

DuChene and Cunningham (2006) presented a two-
stage model for speleogenesis in the Guadalupe
Mountains. Prior to the opening of the Rio Grande rift,
there was strong, east-directed hydrodynamic flow
through the Capitan aquifer. The displaced oil column
at Eunice-Monument field (Lindsay, 1998) and
remobilized oil at Henderson field (Wiggins et al.,
1993) are evidence of this flow regime. As the
evaporite cover that confined Capitan aquifer flow in
the present-day Guadalupe Mountains was stripped
away, artesian springs formed along vertical and sub-
vertical fractures in the Capitan Formation and Carls-
bad facies of the Artesia Group. Water flowing
upward dissolved limestone and enlarged the frac-
tures, forming early stage caves that may not have
involved sulfuric acid. At the time these early caves
were forming, the Rio Grande rift had not yet opened
and the present geomorphology of the Guadalupes had
not formed. Beginning 35-38 Ma, the regional water
table began to fall in response to erosion and the
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opening of the Rio Grande rift (DuChene and Cun-
ningham, 2006). Approximately 14-12 Ma, the lower-
ing regional water table intersected the Capitan
aquifer at the west end of the modern Guadalupe
Mountains. Hydrogen sulfide derived from oil fields
in Artesia Group reservoirs west of the Pecos River
was present in connate water. Atmospheric O, in the
vadose zone and O, dissolved in meteoric water
mixed with sulfidic water at the water table to form
sulfuric acid, which dissolved carbonate rocks in the
Capitan aquifer. Focal points for dissolution were
early stage vertical caves where the supplies of air and
oxygenated meteoric water were greatest. Here, large
horizontal passages and galleries were formed at the
water table. As tectonism progressed and the Rio
Grande rift continued to open, the graben on the west
side of the Guadalupes periodically shifted downward,
causing the water table to fall. During the period from
14 Ma to 3.8 Ma, the locus of sulfuric acid speleo-
genesis shifted downward and eastward through the
Guadalupes (Polyak et al., 1998; DuChene and Cun-
ningham, 2006). At the time that sulfuric acid speleo-
genesis was active, H,S concentrations within the
Capitan aquifer were similar to conditions east of the
Pecos River today. Some hydrogen sulfide may have
been supplied to the Capitan aquifer from the Dela-
ware basin, as proposed by Hill (1987), but the largest
supply was derived from the biogenic degradation of
oil in Artesia Group reservoirs.

It is possible that sulfuric acid speleogenesis is occur-
ring today in the Capitan aquifer east of the Pecos
River. Water reported from P.C.A. (Yates), Russell
(Yates), Gem (Yates) and Henderson (Yates-Seven
Rivers) fields contains H,S. Water that enters the
aquifer along the Pecos River is oxygenated, but by
the time it has moved a short distance into the subsur-
face, O, has reacted with H,S to form sulfuric acid.
The acid immediately reacts with limestone to form
sulfate and carbon dioxide. In a system where H,S is
dissolved in groundwater, the critical ingredient for
the formation of acid is O,, which enters the system
from the surface. Carbonate rocks of the Capitan
Formation and Artesia Group east of the Pecos River
are covered with evaporite beds that inhibit the
downward percolation of oxygenated meteoric water.
Consequently, if speleogenesis is occurring east of the
Pecos River today, it is happening at a very slow rate.

In the Guadalupe Mountains, caves formed because of
the conjunction of tectonic, petrochemical and hydro-
logical factors in an area with abundant, soluble
carbonate rock. Sulfuric acid speleogenesis in the
Guadalupe Mountains was a dynamic process that
took place over at least 10 my. There was abundant
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H,S dissolved in connate water in the Capitan Forma-
tion and the carbonate rich Carlsbad facies of the
Artesia Group. Tectonic activity, accompanied by
erosion, caused evaporite beds that covered the
Capitan aquifer to be gradually stripped away, result-
ing in the lowering of the water table. As the water
table fell, the volume of rock above it became part of
the vadose zone and was filled with air, providing a
source of O,. Oxygenated meteoric water percolated
downward to the water table where it mixed with H,S
rich connate water to form the sulfuric acid responsi-
ble for Late Tertiary speleogenesis.

Conclusions

Hydrogen sulfide and sulfur are common constituents
of connate water in southeastern New Mexico, where
they are associated with oil fields in Artesia Group
reservoirs north of the Capitan aquifer. Hydrogen
sulfide was formed by the oxidation of hydrocarbons
and associated reduction of sulfate by microbes in
Artesia Group reservoirs. This reaction created a large
volume of H,S which is dissolved in oil, gas and
connate water contained in Artesia Group strata and in
the Capitan aquifer east of the Pecos River. The
presence of sulfur, H,S, and hydrocarbons in fluid
inclusions west of the Pecos River and north of the
Capitan shelf margin is evidence that hydrocarbons
were present prior to the opening of the Rio Grande
rift. The H,S that contributed to sulfuric acid speleo-
genesis in the Guadalupe Mountains is most likely
derived from the biogenic alteration of hydrocarbons
in these oil fields in Late Tertiary time. Artesia Group
reservoirs occur in rocks that are laterally equivalent
to the strata that comprise the Capitan aquifer. In Late
Tertiary time, H,S generated by the microbial altera-
tion of oil in Artesia Group reservoirs was widely
distributed in the Capitan aquifer and associated
Carlsbad facies carbonates of the Artesia Group in the
Guadalupes, as it is today in the subsurface east of the
Pecos River. Oil accumulations in the Artesia Group
are the most likely source of the H,S that was con-
verted to sulfuric acid in the Guadalupe Mountains
and caused Late Tertiary speleogenesis.
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Abstract

Since the mid-Tertiary, lateral migration and entrench-
ment of the Pecos River Valley in eastern New Mex-
ico and west Texas, USA, has significantly influenced
regional groundwater flow paths, providing a focus
for ascending flow in multi-storey artesian systems
and a powerful potentiometric driving force for
hypogene speleogenesis. Individual occurrences of
hypogene karst phenomena associated with the central
Pecos River Valley are widespread throughout the
greater Delaware Basin region, including development
in a wide range of Permian carbonate and evaporite
facies. Hypogene occurrences are well-documented as
far north as Santa Rosa, New Mexico and as far south
as Lake Amistad, Texas. Throughout the northern
shelf, intrastratal dissolution and brecciation of the
San Andres formation is widespread as a result of
eastward migration of the Pecos River. Proximal to
the current river, hypogene dissolution in interbedded
carbonate/evaporite facies of the Seven Rivers Forma-
tion has produced three-dimensional network caves
and vertical collapse structures. In the carbonate reef
facies of the Guadalupe Mountains, complex three-
dimensional caves are common, as well as stepped
terraces associated with eastward migration of the
Pecos River. Although these caves have been attrib-
uted to sulfuric acid dissolution, they are the result of
hypogene speleogenesis in which solutional aggressiv-
ity was increased by the addition of both thermal and
sulfuric-acid components. Within the interior of the
Delaware Basin, hypogene karst in basin-filling
evaporite facies of the Castile and Salado Formations
is widespread, including development of large solu-
tion subsidence troughs associated with the lateral
migration of the Pecos River. On the far eastern
margin of the Delaware Basin, at the southeastern tip
of the Central Basin Platform, persistent downcutting
of the Pecos River Valley contributed to the develop-
ment of hypogene karst within the Yates Petroleum
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Field, providing cavernous reservoir porosity for the
largest individual oil field known within the Permian
Basin region. Immediately below the confluence of
the Pecos River and the Rio Grande, the large first
order magnitude spring, Goodenough Spring, flows
from a deep phreatic cave under extreme artesian
conditions, even as 45 meters of pressure head has
been added over the spring from Amistad Reservoir.

Introduction

Hypogene processes have been recognized throughout
far west Texas and southeastern New Mexico, USA,
for many decades, but these processes have generally
been associated with unusual fluid chemistries in
Permian age carbonate units of the Guadalupe Moun-
tains (Figure 1), specifically sulfuric acid speleogene-
sis. While sulfuric-acid karst is often hypogene, the
two are not interchangeable terms. Instead, what has
been defined as sulfuric acid karst in the Guadalupe
Mountains is porosity produced by hypogene proc-
esses that has simply been enhanced by solutionally
aggressive fluids enriched with a sulfuric acid compo-
nent. This phenomenon is not limited to the reef and
forereef facies of the Capitan Formation in the Guada-
lupe Mountains, but also extends into the carbonate
backreef facies as seen in the upper portions of some
of the Guadalupe Mountains caves (Hose and Pis-
arowicz, 2000) and in strata deposited farther shelf-
ward, such as found associated with the caves of
McKittrick Hill (Kunath, 1978).

The voluminous carbonate caves of the Guadalupe
Mountains are usually invoked as typical examples of
hypogenic speleogenesis in the Delaware Basin
region; however, there is extensive and even more
widespread karst development within the associated
evaporite facies of southeastern New Mexico and west
Texas (Stafford and Nance, 2009). Breccia pipes in
evaporite strata, several hundred meters in vertical
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Figure 1. Late Permian stratigraphic nomenclature showing relationship to deposits on
the Northwestern Shelf, Capitan Reef and Delaware Basin (from Scholle, 2004).

extent, have been associated with brine density
convection, where hypogene processes are driven by
variations in the solute concentrations of intrastratal

Vert. Exagg. ca. 3x

Previously known
evidence of hypogene
karst occurs throughout
the lower Pecos region
of eastern New Mexico
and west Texas, but
most of these features
have been regarded as
unique, isolated occur-
rences. This paper is a
first attempt to view
these speleogenetic phenomena in the context of
related, basin-scale processes dominated by a unifying
potentiometric driving force, the Pecos River.

fluids (Anderson and Kirkland, 1980). Recent re-

search has shown that evaporite
calcitization, native sulfur deposits,
and speleogenesis within the Castile
Formation are largely the result of
hypogene processes (Stafford et al.,
2008d, ¢), an association similar to
that recognized in the western Ukraine
(Klimchouk,1997). However, all of
these features show varying degrees of
epigenic overprinting, as do the
carbonate caves of the region. The
very nature of these caves, breached,
drained and thus available for human
exploration, has removed them from
the hypogenic environment in which
they formed.

Most of the course of the Pecos River
is across Permian age carbonate and
evaporite facies with associated karst
development in these strata. However,
throughout the southeastern portion of
the Pecos River Valley near-surface
strata are primarily Cretaceous carbon-
ate rocks of the Edwards Plateau.
Klimchouk (2007) argues that maze
caves (e.g., Amazing Maze Cave) in
this region are the result of hypogene
processes involving sulfuric acid-rich
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Figure 2. Location of karst features throughout the current Pecos River
Valley, with comparison to the modern Rio Grande and Rio Concho
basins (adapted from Thomas, 1972).
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Pecos River

The headwaters of the Pecos River are located in the
Sangre de Cristo Mountains of northern New Mexico
(Figure 2). After exiting the mountains in western San
Miguel County, the Pecos flows southward across
eastern New Mexico into west Texas. The course of
the river then turns southeast and ultimately flows into
the Rio Grande west of Lake Amistad on the interna-
tional border. The river’s length is 1,320 km. Over
this distance the Pecos crosses portions of the South-
ern Rockies, High Plains and Edwards Plateau physi-
ographic provinces. Most of the river’s route is across
Permian age strata, including: 1) evaporites, mudstone
and carbonates representing far backreef facies on the
Northwest Shelf of the Delaware Basin ; 2) carbonates
of near backreef, reef, and forereef facies deposited on
the Basin margin; and 3) evaporites that filled the
Permian inland basins and extended beyond the basin
margin onto the Northwest Shelf by the end of the
Permian. These sediments were deposited in equato-
rial conditions along the western edge of Pangaea with
a limited connection to the Panthalassa Ocean
(Scholle et al., 2004). Today, these strata not only host
groundwater resources and numerous caves, but also a
plethora of oil fields, both large and small.

As the Pecos River passes out of the Delaware Basin
and onto the Central Basin Platform, the Permian
strata are progressively buried in subsurface and
surficial units dominated by Triassic conglomerates
and sandstones, and by overlying carbonate strata. The
carbonate strata were deposited during a Cretaceous-
age continental transgression, which covered the
western interior of North America with a shallow
epicontinental sea (Richey et al., 1985). Through
much of the flowpath across these carbonate strata, the
Pecos River has entrenched into the Cretaceous units
of the Edwards Plateau (Thomas, 1972). Today, the
Pecos River is a major tributary of the Rio Grande,
and is deeply-entrenched, near the rivers’ junction
west of Lake Amistad.

Thomas (1972) states that by the end of the Creta-
ceous or earliest Paleogene, the ancestral Pecos River
had already developed in eastern New Mexico and
west Texas as a result of Laramide Orogeny and uplift
of the San Juan Mountains in southwestern Colorado
(Figure 3). This early Pecos River was likely the
dominant fluvial system at this time as it flowed
across northern New Mexico, down through west
Texas and discharged into the Gulf of Mexico possi-
bly by joining with
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River. This early
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of clastic sediments
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and Horberg, 1949).
This northern piracy,
resulting from
increased sediment
production from the
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Figure 3. Reconstructions of the ancestral Pecos River in the A) Late Cretaceous, B) Early
Paleogene, C) Early Neogene and D) Late Neogene (adapted from Thomas, 1972).
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the Pecos River Valley; however its general course
persisted throughout southeastern New Mexico and
west Texas, with continued entrenchment into the
Edwards Plateau (Thomas, 1972).

By the end of the Neogene (Figure 3), uplift of the
Sacramento and Sangre de Cristo Mountains had
begun, shaping the current route of the Pecos River.
At the same time, the ancestral Rio Grande was
forming and at this time probably flowed across the
Delaware Basin of west Texas as a tributary of the
Pecos, or it may have continued farther south as a
tributary of the ancestral Conchos River (Thomas,
1972). Contemporaneously, the ancestral Brazos River
was draining most of northeastern New Mexico,
continuing to supply alluvium to north Texas. During
the Pleistocene the lower Pecos Valley extended
farther to the north by karstification and headward
erosion, culminating in capture of the ancestral Brazos
near Fort Sumner, and thereby established the modern
configuration of the Pecos River valley (Galloway,
1956; Reeves, 1972).

Throughout its history of the Pecos River, it has had a
profound influence on the geomorphology and hydrol-
ogy of west Texas and eastern New Mexico. Since the
late Cretaceous or early Paleogene, the Pecos River
has incised into the Edwards Plateau of southwest
Texas, providing a consistent, major potentiometric
low across this region that focused groundwater
migration and discharge. Throughout west Texas and
southeastern New Mexico the Pecos River has per-
sisted since its inception, but in this region there have
been greater lateral shifts as the river has migrated
across a large alluvial floodplain
(Thomas, 1972), again acting as a

demonstrate the dominance of hypogene speleogene-
sis throughout the greater Pecos River basin. While
many more individual examples occur throughout the
region, these eight show that hypogene karst develop-
ment associated with the Pecos River exists from the
northern reaches of the Pecos River Valley of north-
central New Mexico, through the entire length of the
river as it passes through eastern New Mexico and
west Texas, and even at its confluence with the Rio
Grande in south Texas. These eight occurrences likely
represent only a small fraction of the total hypogene
karst that is associated with the evolution of the Pecos
River (Figure 2).

Santa Rosa Blue Hole

Santa Rosa, known as the “City of Natural

Lakes” (McLemore, 1989), is located on the Pecos
River in Guadalupe County, New Mexico (Figure 2).
The city is known for its many spring-fed lakes and
marshes, including the well known Blue Hole. Blue
Hole is a collapse feature more than 25 meters deep,
with an entrance approximately 24 meters in diameter
that bells out to approximately 40 meters in diameter
at the bottom (Kelley, 1972). Blue Hole is developed
in the Triassic Santa Rosa Sandstone, which crops out
throughout the Santa Rosa area. While the surficial
sandstones are largely insoluble, the underlying
Permian San Andres carbonates contain abundant
solutional voids that stope upward to create cenote-
like features that pierce the overlying strata
(McLemore, 1989). Blue Hole, the largest of 16 small
natural lakes in the Santa Rosa area, discharges more
than 16.3 million liters of potable spring water per day
(Kelley, 1972).

regional potentiometric low. The
northern reaches of the Pecos River
have seen the most change during its
history. While the northernmost
reaches of the ancestral Pecos are now
part of the Rio Grande, its current
headwaters are positioned in a region
that has been occupied by either the
ancestral Pecos River or the ancestral
Brazos River for at least several
million years (Thomas, 1972). This
long presence of a river in a relatively
persistent location must have had a
significant influence on the evolution

2 miles

3 kilometers

San Andres Formation

of regional groundwater flow paths.
Selected Karst Phenomena

In the following sections, eight
specific areas are discussed that
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Figure 4. Simplified cross-section through the Santa Rosa Sink, showing
intense dissolution in the San Andres and massive stoping to produce this
immense collapse structure. Dashed red lines indicate zones of stoping
(adapted from Kelley, 1972).



Blue Hole and the other flooded sinkholes of Santa
Rosa are only a small part of speleogenesis in the area.
These features and the town of Santa Rosa are all
positioned inside a broad karst subsidence depression
10 kilometers in diameter and more than 120 meters
deep (Figure 4) (Kelley, 1972). The depression
consists of a series of convex-outward fractures,
suggesting that the feature has expanded outward from
a central collapse area. According to Kelley (1972),
collapse of the massive sink began in the early Pleisto-
cene, based on sediment fill and the deep gorges that
the Pecos River cut through the northern and southern
edges of the sink as a result of incision related to
Pleistocene regional uplift. Most of the interior of the
sink is mantled with Pleistocene gravels as the Pecos
River deposited more than 75 meters of sediment into
this expanding collapse structure (McLemore, 1989).
Today, more than 190 individual collapse features in
and around the periphery of the Santa Rosa depression
attest to extensive vertical stoping of voids throughout
the region. The large size of the subsidence basin and
the abundance of springs and sinkhole lakes suggest
that significant cavernous porosity exists at depth,
probably related to deep circulation flow paths, which
are focusing artesian discharge locally along the
potentiometric low created by the Pecos River.

Northern GypKaP

The San Andres Formation crops out extensively from
Roswell to Vaughn, New Mexico on both the east and
west sides of the Pecos River valley. Here interbedded
gypsum and dolomite host a plethora of simple and

complex caves in what is commonly termed “Northern
GypKaP,” the northern extent of the Gypsum Karst
Project of the National Speleological Society (Figure
2) (Eaton, 1987). While karst regions to the north and
south currently exhibit abundant features that actively
discharge artesian waters, attesting to hypogene
influences, the caves in this region have a more
complex history, with sections that clearly exhibit
morphologies similar to those observed in hypogenic
caves, and other sections that are dominated by
epigenic, vadose features.

Many caves in Northern GypKaP exhibit sections of
rectilinear maze and/or large isolated chambers that
have been intersected by entrenched vadose canyons
(Figure 5). Scrooge Cave contains a large section of
rectilinear maze developed along northeast and
northwest trending fracture sets, while Montecito
Cave contains long sections of narrow vadose canyons
that occasionally intercept large isolated chambers,
generally at significant lithology changes (Stafford
and Nance, 2009). Most of the longer surveyed caves
exhibit passage lengths that are disproportionately
long compared to the size of the watersheds that feed
the entrances, especially for caves developed in
gypsum facies. Individual morphometric features
suggestive of hypogene dissolution, or at the very
least sluggish flow regimes, are common throughout
both the small and large caves of the region. However,
scallops are also commonly observed, indicating that
in recent times high velocity, unconfined flow condi-
tions have existed in many of these caves.

Scrooge Cave

(I) 5|0 1EIIO ‘I?{J 2l|}0

meters

Montecito
Cave

Many of the caves within the Northern
GypKaP region have complex speleoge-
netic histories that reflect epigenic over-
printing onto originally hypogenic fea-
tures. Complex maze patterns and exten-
sive cave networks in gypsum facies
likely formed when these units were
buried more deeply and the Pecos River
was migrating across them, possibly tens
of millions of years ago at the same time
intense dissolution was actively proceed-
ing near Santa Rosa to the north (Kelley,
1972). As surface denudation and down
cutting of the Pecos River continued,
these caves systems became unconfined
and exposed to epigene processes. Sur-
face breaching introduced focused re-
charge into the cave networks, which was

Figure 5. Plan view map outlines of Scrooge and Motecito Caves,
which illustrate the complex cave patterns documented in Northern
GypKaP. Note that caves are depicted at the same scale but not
spatially projected in relation to each other (adapted from Lee, 1996).
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followed by significant epigenic over-
printing, including the development of
incised canyons connecting zones of more
intense hypogene porosity.
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Bottomless Lakes State Park

Bottomless Lakes State Park is located on the eastern
margin of the Pecos River Valley southeast of Ros-
well, New Mexico (Figures 2, 6). The park includes a
series of eight cenote-like features, formed in gypsum
and mudstone of the Permian Seven Rivers Forma-
tion, that extend for several kilometers along the
Seven Rivers Escarpment (Kelley, 1971; Martinez et
al., 1998; Land, 2003). These steep-walled, vertical
collapse structures occur at the downstream end of the
Roswell Artesian Basin, a regional artesian aquifer
system formed in the San Andres limestone (Welder,
1983; Land and Newton, 2007; 2008). Meteoric
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Figure 6. Map of Delaware Basin showing the
geographic relationships between the Capitan Reef,
major subsidence features and the Pecos River.

BL = Bottomless Lakes State Park, CC = Coffee Cave,
CB = Carlsbad Cavern, LC = Lechuguilla Cave,

OB = Orogrande Basin, MB = Midland Basin, VB = Val
Verde Basin (adapted from Klimchouk, 2007).
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waters recharge the aquifer where the San Andres
Formation crops out on the Pecos Slope west of
Roswell, and migrate down gradient to the south and
east. The San Andres aquifer is under water table
conditions on the Pecos Slope, but becomes confined
~10 km west of Roswell where it dips beneath gyp-
sum and mudstones of the Seven Rivers Formation
(Figure 7.). In the vicinity of Bottomless Lakes, the
potentiometric surface within the San Andres aquifer
is above ground level. Forced convection drives
lateral and upward migration of groundwater toward
the Pecos River, and focused solution occurs along
fractures in the overlying gypsum and mudstone. As
artesian water migrates upward through the leaky
confining beds of the Seven Rivers Formation, it is
saturated with calcite but undersaturated with respect
to gypsum. The result is the development of large
hypogene voids that collapse and stope upward to
discharge high salinity, artesian waters into the
Bottomless Lakes cenotes. Some of these cenotes
overflow into wetlands west of the park, which are
hydraulically connected to the Pecos River (Land,
2003; 20006).

Historically, high volume springs that fed extensive
wetlands were common in the Roswell area. Decades
of intensive pumping for irrigated farming caused
substantial declines in hydraulic head in the artesian
aquifer, and most of these springs are now dry
(Welder, 1983; Land and Newton, 2007; 2008).
However, substantial discharge still occurs into
springs and cenotes along the Pecos River, indicating
that hypogene processes remain active along this
reach of the Pecos River valley. This natural artesian
discharge amounts to ~37 million m*/yr, but was
much greater prior to pumping (Barroll and
Shomaker, 2003).

Coffee Cave, Lake McMillan

Coffee Cave is located along the eastern edge of old
Lake McMillan in northern Eddy County, New
Mexico (Figure 2, 6). Coffee Cave, along with several
smaller caves in the area, is developed in interbedded
dolomites and gypsum of the Seven Rivers Formation.
Coffee Cave is a rectilinear maze cave developed
along northeast and northwest trending fracture sets
(Figure 8) (Stafford et al., 2008b). The cave consists
of at least 4 levels of passage development in gypsum
facies, each separated by a significant dolomite bed.
The uppermost two levels tend to be small and often
not humanly navigable, while the lowest level, and
potentially additional lower levels, is currently
flooded. Throughout the cave, abundant hypogene
morphometric features are found, including individual
occurrences of well-developed cupolas, risers, half-
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tubes and ceiling channels (Stafford et al., 2008b).
Most importantly, these morphometric features are
commonly found in related suites where fluid flow
paths can be visually traced from lower riser inlets, up
wall half-tubes, along ceiling channels, and out ceiling
cupolas. The presence of these features provides
diagnostic evidence of dissolution in confined, hy-
pogene conditions (Klimchouk, 2007). The morphol-
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ogy of Coffee Cave shows considerable similarities to
the classic hypogene maze caves of the Western
Ukraine.

Stafford et al. (2008b) conclude that speleogenesis

within Coffee Cave is largely the result of hypogene
processes. The cave is located at the southern end of
the Roswell Artesian Basin. Groundwater discharge
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Figure 8. Coffee Cave, A) plan view map showing distribution of cave passages, levels and hypogene features and
B) stratigraphic section through Coffee Cave showing relationship between the four documented cave levels and

dolomite interbeds (from Stafford et al., 2008b).
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from the underlying San Andres artesian aquifer has
been focused upward along the Pecos River, similar to
the hydrologic system described above at Bottomless
Lakes State Park (Land, 2003; 2006) (Figure 7).
Meteoric recharge on the Pecos Slope to the west
infiltrates down through the Permian San Andres and
Grayburg formations and moves laterally, down-
gradient to the east and south (Land and Newton,
2007; 2008). Proximal to the Pecos River, these fluids
migrate upward though the Seven Rivers Formation as
forced convection is induced by the potentiometric
low of the river (Stafford et al., 2008b). As surface
denudation and eastward migration of the modern
Pecos River occurred, Coffee Cave was breached and
the semi-confined conditions that formed the bulk of
the cavernous porosity were replaced by unconfined,
epigene conditions. While early models for the forma-
tion of Coffee Cave suggest the cave resulted from
dissolution associated with back-flooding along the
Pecos River, gypsum solution kinetics do not support
this theory. Average cave passage cross sectional area
increases with depth and distance from the numerous
collapse entrances into Coffee Cave (Stafford et al.,
2008b), suggesting that solutionally aggressive fluids
were delivered from below instead of laterally or
above as a result of back flooding.

Lake McMillan is no longer an

reductions in hydraulic head due to decades of agri-
cultural groundwater pumping. However, in 2007
water levels in Coffee Cave rose more than 2 meters
between the summer irrigation season when ground-
water pumping is most intense and mid-winter when
most irrigation pumping has ceased (Stafford et al.,
2008Db). This rise in water levels suggests that hy-
pogene processes are still active in interbedded
evaporites and carbonates of the Seven Rivers Forma-
tion near the Pecos River.

Carlsbad Caverns National Park

The caves of Carlsbad Caverns National Park in the
Guadalupe Mountains of southernmost New Mexico
(Figure 2, 6) are the most studied karst features within
the western United States (Hose and Pisarowicz,
2000). The caves contain large isolated chambers,
maze sections and multiple levels, all characteristics
of dissolution involving sluggish waters in a confined
or semi-confined setting. Cavernous porosity is
developed largely in the Permian age Capitan Forma-
tion (Figure 1), including the reef and fore reef sec-
tions, and extends into the equivalent near back reef
facies (Hill, 2000). Massive accumulations of secon-
dary gypsum in caves attest to the role of sulfuric acid
(Palmer and Palmer, 2000), which increased solu-
tional aggressivity. Regional tectonic studies indicate

active reservoir, but has been
drained and replaced by
Brantley Lake farther down-
stream. Since its construction in
1893, Lake McMillan was
constantly plagued with leakage
problems, including the devel-
opment of large sinkholes in the
lake bed and massive leakage
through karst conduits (Cox,
1967). 1t is likely that the entire
region along the Pecos River
near Coffee Cave contains
abundant cavernous porosity
created by hypogene processes,
many of which provided direct
bypass networks for the move-
ment of fluids beneath the Lake
McMillan dam.
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Figure 9. Simplified profile view through part of Lechuguilla Cave shows
the flow paths of ascending fluids (from Palmer and Palmer, 2000).



that geothermal gradients were as high as 40-50°C/km
(Barker and Pawlewicz, 1987), which must have
added a thermal component to the hypogene speleo-
genesis of the Guadalupe Mountains.

Klimchouk (2007) and Palmer and Palmer (2000)
suggest that most of the volume of major caves in the
Guadalupe Mountains (e.g., Carlsbad Cavern, Lechu-
guilla Cave) is the result of speleogenesis in deep-
seated conditions wherein rising solutional fluids are
delivered from depth. Palmer and Palmer (2000) trace
distinct flow paths through the caves that show fluids
migrating from the deepest portions (e.g. Sulfur
Shores in Lechuguilla Cave; Lake of the Clouds in
Carlsbad Cavern), through intermediate passages, to
the uppermost levels of the caves and even to the
current cave entrances, which they interpret as outlets
for ascending fluids (Figure 9). Klimchouk (2007)
further shows abundant morphometric evidence
throughout the caves of Carlsbad Caverns National
Park that attests to dissolution within semi-confined,
hypogene conditions. The intense hypogene dissolu-
tion was driven by steep density gradients established
by thermal convection (Hill, 1996) and high solute
loads resulting from increased dissolution by sulfuric
acid-rich fluids. Hill (2000) concluded that sulfate
reduction within the Castile Formation of the Dela-
ware Basin interior was the source of hydrogen sulfide
that produced the sulfuric acid-rich fluids. However,
DuChene and Cunningham (2006) argue for hydrogen
sulfide originating in the Artesia Group of the North-
west Shelf, which is supported by recent studies of
evaporite calcitization within the Castile Formation
(Stafford et al., 2008e).

While there is compelling evidence for hypogene
origins for the Guadalupe Mountains caves, and
specifically caves in Carlsbad Caverns National Park,
most of the speleogenetic models overlook regional
paleohydrology and the potentiometric driving forces
that induced focused dissolution of hypogene caves
within this region. Instead they have focused on the
unique mineralogy and geochemistry associated with
the sulfuric acid model of speleogenesis (Hose and
Pisarowicz, 2000). During the Neogene, the Pecos
River was positioned farther west than it is today
(Thomas, 1972) and since has migrated eastward,
acting as a major, hydrologic driving force across the
Capitan Reef massif. As a result, entrenchment and
the erosion of several terraces occurred in the Guada-
lupe Mountains (Thomas, 1972), as is well marked by
three distinct topographic levels that decrease in
elevation from west to east over the length of the
mountain ridge (DuChene and Martinez, 2000). While
thermal and sulfuric acid components drove increased

Advances in Hypogene Karst Studies

dissolution rates, locally focused forced flow was
likely induced by the ancestral Pecos River as it
migrated eastward. This model is supported by age
dates from alunite deposits in caves that show increas-
ing age to the west with increasing elevation (Polyak
and Provencio, 2000).

Delaware Basin Subsidence Troughs

Within the interior of the Delaware Basin, caves and
solution subsidence features are common in Ochoan
evaporites (Hill, 1996) (Figures 2, 6). Along the
western edge of the Delaware Basin large subsidence
troughs have been identified, associated with hy-
pogenic fluids ascending from the subsurface Capitan
Reef (Anderson and Kirkland, 1980). In the eastern
Delaware Basin, extensive caves, evaporite calcitiza-
tion and native sulfur accumulations are associated
with hypogene processes primarily in the Castile
Formation, but also extending into the overlying
Rustler and Salado Formations (Stafford et al., 2008
c,d,e). In the middle of the Delaware Basin, several
large subsidence features filled with Quaternary
sediments occur along the direct flowpath of the Pecos
River (Figure 6) (Malley and Huffington, 1953).

Anderson and Kirkland (1980) show that vertical
breccia pipes occur throughout the Delaware Basin as
a result of brine density convection combined with
upward stoping. Their model was developed for
features observed over the buried Capitan Reef on the
eastern edge of the basin, and was extrapolated
throughout the region to other breccia pipes. Earlier,
Anderson et al. (1978) had also recognized wide-
spread blanket brecciation throughout the Castile and
Salado formations as a result of intrastratal dissolution
of halite interbeds. Both breccia pipes and breccia
blankets are the result of hypogene dissolution driven
by steep density gradients established by differences
in fluid saturation. These early observations indicate
that the potential for extensive hypogene speleogene-
sis within evaporite facies of the basin interior is
extremely high.

While the Pecos River has migrated laterally through-
out the Delaware Basin since the early Paleogene, it
has been located close to its current location since at
least the late Neogene (Thomas, 1972). These large
subsidence features appear to be the result of locally
intense, intrastratal dissolution of Castile and Salado
evaporites, resulting in intrastratal collapse and
upward stoping to create large closed depressions that
were subsequently filled by Quaternary sediments
delivered by the Pecos River (Malley and Huffington,
1953). This intrastratal dissolution was driven by
brine density free convection and forced convection,
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with flow directed toward the potentiometric low of
the Pecos River. Because of the high solubility of
evaporites and the lack of upper Permian carbonate or
clastic interbeds within the interior of the Delaware
Basin, the development of large hypogene voids is
possible.

It is possible that some subsidence features may have
also developed along the ancestral Rio Grande, which
is postulated to have flowed across the Delaware
Basin during the Neogene as a tributary of the Pecos
River (Thomas, 1972). It is likely that intrastratal
dissolution is still occurring today throughout the
Delaware Basin in association with the Pecos River
and other natural hydrologic phenomena. However,
modern catastrophic collapse features within this
region are often attributed to anthropogenic causes
such as leaky casing and improper well installation
(e.g. Johnson et al., 2003; Powers, 2003), even though
natural subsidence features and collapse structures
permeate these evaporite units.

Yates Field

The Yates Unit Oil Field is located in eastern Pecos
County, Texas (Figure 2) on the southeastern tip of
the Central Basin Platform. It is the largest oil field in
the Permian Basin and has been characterized as a
karstic reservoir since the first well was drilled in
1926 (Hennen and Metcalf, 1929). Production is from
middle Permian strata, primarily the upper San Andres

Formation but extending into the overlying Grayburg
and Queen formations, at depths of approximately 300
meters (Stafford et al., 2008a). The field is subdivided
into low permeability Westside Yates and high perme-
ability Eastside Yates units (Figure 10). Structurally,
the Yates Field is dominated by a horseshoe-shaped
anticline, with an axial ridge centered in Eastside
Yates and extending into the northern and southern
edges of Westside Yates (Craig, 1988). Stratigraphi-
cally overlying the Yates Field along the northeastern
edge, the Toborg Field is developed in uppermost
Triassic and Cretaceous strata (Franklin, 1966). Both
fields are located on the southwest side of the Pecos
River and were initially discovered because of oil
seeps along the river.

Cavernous porosity within the Yates Field includes
open caves, solution enhanced fractures and extensive
brecciation, as well as secondary mineralization
including clastic sediment fill, calcite and dolomite
spar, and more rarely native sulfur, albite, galena and
sphalerite (Stafford et al., 2008a). Cave distribution
within the field, based on petrophysical analyses and
documentation of 1,566 individual cave occurrences,
is highly clustered and tends to be focused along the
structural axis of the field at the upper San Andres
contact (Figure 10) (Stafford et al., 2008a). Isotope
analyses of secondary calcite spar indicate deposition
in thermal fluids associated with methane oxidation
(Stafford et al., 2008a). While no Permian strata are

N

~~.\
'\'b

Toborg Field

—z—

= 1 Mile
mm 1 kilometer

—~ Pecos River

Sa‘ado./r/a/ite.uisso‘““

Figure 10. Distribution
of caves within the
San Andres Formation
of the Yates Field in
comparison to the
overlying Salado
Halite Dissolution
Front, Toborg Field
and Pecos River.
Note that the most
intense karst develop-
ment forms an arch

. | through Eastside
. % | Yates, which is the
N i | structural axis of the

o4 A L‘ anticlinorium that
Eastside «*| dominates the region
Yates @Q (adapted from Stafford
9&3-‘ et al., 2008a).

7

Vertical Cave Feet (Meter) Density in the San Andres Formation

| o = |
0 1 2 3 4 5 10 15 20
0 03 06 09 12 15 30 46 6.1

130

NCKRI Symposium 1

30 40
9.1 12:2

50 feet
15.2 meters

Advances in Hypogene Karst Studies



exposed at the surface in this region, in the overlying
Cretaceous carbonates morphometric features ob-
served in Ess Cave within the Yates Unit Oil Field
indicate that hypogene processes have been locally
active (Stafford et al., 2008a).

Early models for the karst porosity of the Yates Field
invoked eogenetic, island karst processes for cave
origins (Craig, 1988; Tinker and Mruk, 1995; Tinker
et al., 1995). These models suggest that subaerial
exposure at the end of San Andres deposition created
a series of islands on the southern end of the Central
Basin Platform in which freshwater horizons devel-
oped where caves formed as a result of mixing of
fresh and saline waters. However, current studies
(Stafford et al., 2008a) suggest that most of the
cavernous porosity within the Yates Field is probably
attributable to hypogene processes. The distribution of
cavernous zones from petrophysical analyses shows
karst development centered along the crest of the
anticlinal structure that dominates Yates Field (Figure
10), not as an elliptical band of intense karst as would
be expected from island karst dissolution along a
coastal margin. It is significant that cavernous poros-
ity is not limited to the San Andres Formation but
extends upward into the Grayburg and Queen Forma-
tions (Tinker and Mruk, 1995; Tinker et al., 1995).
Clastic sediments filling San Andres vugs are the
same composition as the insoluble residue of the
overlying strata (Tinker and Mruk, 1995), suggesting
an autochthonous origin, in contrast to allogenic
sediments derived from surface environments in an
epigenic system. Secondary minerals filling vugs and
lining fractures indicate thermal and sulfuric-acid
components to the fluid history of the field (Stafford
et al., 2008a). Associated with the Yates Field, overly-
ing halite in the Salado Formation has been removed
through intrastratal dissolution (Wessel, 2000), which
is likely associated with upward fluid migration from
Yates Field units. Finally, overlying Cretaceous rocks
contain caves resulting from hypogene speleogenesis.

We contend that Yates Field developed though hy-
pogene speleogenesis with dissolution focused along
structural and lithologic boundaries. As fluids mi-
grated upward toward the Pecos River, which has
been persistently downcutting in this region since the
early Paleogene, they passed through San Andres
carbonates, overlying Permian strata and through
Cretaceous carbonates in which hypogene caves have
been locally documented. As solutionally aggressive
fluids were replaced with hydrocarbons within the
Yates Field during the Neogene, it is probable that
solutional pathways created through the overlying
interbedded evaporites and carbonates of the Seven
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Rivers Formation began to close and provide a leaky
seal for hydrocarbon entrapment. The Yates Field has
a complex diagenetic history, but it appears that much
of the cavernous porosity and the location of the field
are related to proximity of the Pecos River.

Goodenough Spring — Amistad Reservoir
The distal end of the Pecos River reaches the Rio
Grande in Val Verde County, Texas, at the Interna-
tional Amistad Reservoir, which was constructed in
the 1960’s impounding the Rio Grande, including the
lowest reach of the Pecos River. The geology of Val
Verde County is dominated by early-mid Cretaceous
limestone of the Edwards Plateau, associated with the
Maverick Basin. This large, closed marine basin
developed as the Devils River Formation formed a
reef bank surrounding basinal facies of the West
Nueces, McKnight, and Salmon Peak Formations
(Figure 11) during Fredericksburgian through Washi-
tan time. The Salmon Peak and Devils River Forma-
tions are significantly karstified through this region of
Texas and Mexico (Boghici, 2004; Barker et al.,
1994).

The impoundment of Amistad Reservoir flooded
numerous caves and springs along the Pecos and Rio
Grande rivers. The most significant feature inundated
was Goodenough Spring, 21 kilometers south-
southeast of the confluence of the Pecos and Rio
Grande (Figure 11). This spring was the third largest
in Texas prior to inundation in 1968 with an average
annual discharge of 3.9 meters’/second and a maxi-
mum recorded flow of 18.4 meters*/second (Brune,
1981). The water flowing from Goodenough Spring is
28° C, which is over 7 degrees above average surface
temperatures and has low total dissolved solids of 208
mg/l (Kamps et al., 2009).

In the 1990’s underwater cave exploration began at
Goodenough Spring by cave divers using SCUBA. A
tight restriction was encountered over 100 meters into
the cave with very high water velocity hindering
further exploration (Milhollin and Laird, 1996). This
restriction was passed in 2004, and passage continued
down at a steep angle. The passage was extended in
2008 to a water depth of 157 meters (GSEP, 2008).
The reservoir water level was 45 meters over the
spring cave entrance at this time, pushing the total
explored depth within the cave to 112 meters (Figure
11), making it the third deepest cave in Texas, either
air or water-filled (Elliott and Veni, 1994).

Goodenough Spring continues to flow significant

volumes despite additional head above the cave. In
2005, over 2 meters’/second of flow was measured
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from the spring (Kamps et al., 2009). Geologists
active in the area prior to inundation of Goodenough
Spring noticed responses in spring flow to precipita-
tion events occurring to the south in Mexico, when no
event occurred to the north in Texas (T.A. Small,
2000, personal communication). Uplifted limestone
with extrusive igneous rocks 30 kilometers south of
Goodenough Spring is hypothesized as a possible
recharge zone. The extreme artesian conditions and
elevated water temperatures indicate a deep ground-
water flow route through conduits likely formed from
hypogene karst processes, possibly influenced by
subsurface volcanic activity. Entrenchment by the
Pecos and Rio Grande rivers exposed the deep flow
path of Goodenough Spring, creating the modern karst
system.

Conclusions

The Pecos River has played a dominant role in shap-
ing the geomorphology of eastern New Mexico and
west Texas, but it has also had a profound impact on
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the hydrologic and speleogenetic evolution of the
region since the late Cretaceous. Karst features
located in the Pecos River Valley suggest that the
continuous potentiometric low this fluvial system
created has been a major driving force for basin-scale
groundwater movement throughout the Cenozoic Era.
Modern artesian springs in eastern New Mexico attest
to continued hypogene processes acting today in many
areas of the Pecos River Basin. Relict caves in the
Guadalupe Mountains signify intense periods of
hypogene karst development associated with the
ancestral Pecos River. Cavernous porosity in the
Yates Field is probably only a small fraction of the
cavernous porosity associated with Cenozoic en-
trenchment of the Pecos River in southwest Texas. It
is likely that future research will demonstrate an even
greater dominance of the Pecos River on speleoge-
netic processes throughout eastern New Mexico and
west Texas.
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Abstract

Nanisivik (Inuit — “the place where they find things”)
zinc/lead mine is located at Lat. 73° N in northwestern
Baffin Island. The host rock is a Proterozoic platform
carbonate 260-800 m thick, medium to massively
bedded and pervasively dolomitized. It rests on mixed
shales and shaly dolomites, and is overlain by 150+ m
of further shales functioning as an aquitard. These
formations were buried by later Proterozoic strata,
uplifted, eroded and buried again in a Cambrian
sedimentary basin. The ore-grade deposits are con-
tained within a horst block of the dolomites dipping
NW at 15°across it. Graben to the north and south are
roofed in the overlying shales.

The principal deposit, the Main Ore, is of zinc, lead
and iron sulfide precipitates plus gangue minerals,
chiefly secondary dolomite. It extends for three km E-
W along the horst. It is horizontal, at ~300 m above
sea level and terminated at both ends by modern
valley entrenchments. The Main Ore body is consis-
tently ~100 m in width and five-seven m in depth.
This wide ceiling is a nearly planar, horizontal corro-
sion bevel. The sulfides scarcely extend above it
anywhere. Within the Main Ore two or more genera-
tions of tapered fins of dolomite in sifu extend from
both south (updip) and north (downdip) walls into the
cavity. Fin surfaces truncate the bedding. Edges of
fins are sinuous, some meandering with a wavelength
of ~50 m. Very sharp, horizontal corrosion notches 20
-30 cm high extend into the dolomite walls for at least
20 m (the limit of deep crosscuts in the mine). They
are filled with layered pyrites which continue out into
the ore body as regular sheets truncating earlier,
dipping mineral layers until they themselves are
truncated by later fillings. One exceptional notch, one
meter deep, is at least 350 m in breadth. The ore
displays four sedimentary modes: (i) regular layers
settled or precipitated onto the cavity floor; (ii)
chaotic polymict breccias suggestive of channel cut-
and-fill episodes; (iii) the horizontal pyrite sheets in
corrosion notches; (iv) minor metasomatic replace-
ments of dolomite.
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The ore cavity was created by paragenesis in a chan-
nel flow mode, with ore and gangue deposition on the
floor taking place in tandem with dissolutional cavity
creation upwards,. Principal deposition took place
when a fluid interface could be rigorously maintained.
Fluid inclusions indicate derivation of the metals from
exchange reactions with metalliferous sediments (the
underlying shales), indicating low water/rock ratios
and moderate temperatures. The ore fluids were
similar to oilfield brines. Sulfur isotope fractionations
indicate temperatures of 90-150 +/-40° C, suggesting
that the Main Ore formed along a gas/brine interface
at a depth of at least 1600 m as a consequence of fluid
expulsion in the subsiding Cambrian sedimentary
basin.

Introduction

Carbonate rocks, chiefly dolomites, host a large
proportion of the world’s economic deposits of zinc,
lead and associated elements, in the form of massive
accumulations of sulfide minerals that are intermin-
gled with pene-contemporaneous (‘secondary”)
precipitates of dolomite. Historically, there have been
two principal views on the origin of these deposits:
first, that they are ‘epigene’, implying that the ores are
fillings of pre-existing karst voids and were deposited
by mechanical inwash or chemical precipitation from
surface waters passing underground, much like the
accumulation of bauxite ore in sinkholes or similar
traps; alternatively, that they are ‘hypogene’, precipi-
tated from solutions flowing upwards or laterally into
the carbonate formations, often having derived from
(or passed through) other types of rocks such as shales
that supplied the metals, and arriving via fractures.
Although a few deposits may be genuinely epigene,
today it is widely recognized that some form of
hypogene origin applies to most of those that have
ores in economic concentrations (Dzulynski and Sass-
Gutkiewicz, 1989).

There remains controversy on several important
questions concerning the hypogene creation and
morphology of the ore bodies - do the precipitating
fluids (i) invade and infill pre-existing, open karst
features, perhaps modifying their form a little by



minor solution and collapse of bedrock? or (ii) is the
morphology largely or entirely created by the dissolu-
tion and precipitation activities of the ore-bearing
fluids themselves (‘syngenetic development’)? If the
latter is true, is the process (at one extreme) one of
progressive molecule by molecule replacement of
dolomite by sulfide as the fluid permeates the rock
widely, a process known as “metasomatism”? — or, at
the other extreme, does the fluid first open a cave by
some form of channel or chamber dissolution and then
infill it with the ore and secondary (gangue) minerals?

Most of the hypogene ore bodies in carbonate rocks
display one or two of three basic morphologies. In the
West, the more common of these were first described
in detail in the Tri-State mining region west of the
Mississippi River and so are known as “Mississippi
Valley type” deposits (MVT). The global distribution
of well studied MVT mines is shown in Figure 1
(from Bradley and Leach, 2003).The first morphol-
ogic type is a domelike (‘beehive-shaped’ — Sass-
Gutkiewicz, 1974) breakdown chamber, commonly
tens to a few hundred meters in diameter. The ore fills
interstices in the breakdown and may exhibit a variety
of sedimentary and crystalline forms (e.g. Sass-
Gutkiewicz, op. cit; Sangster, 1988; Loucks et al.
2004). The second morphology is a reticulate pattern
of long, narrow and quite high, corridors of break-
down that are filled with the ore and gangue: this is
very similar to the patterns seen in many open maze
caves, and in a very few instances there are some truly
open passages mingled with the ore galleries (e.g.
Devil’s Hole Mine, England; Ryder, 1975). The third,
less common, morphology is described by Sangster
(op. cit.) as ‘columnar’, being

occur chiefly as interstitial fillings in bedrock break-
down. Sangster (op. cit.) emphasizes the additional
point that there is usually very little alteration of this
bedrock by metasomatic processes, merely narrow
rims in a few places.

One of the designated MVT sites in Figure 1 is
Nanisivik zinc/lead mine, northwestern Baffin Island,
Canada. The author had the opportunity to investigate
it in some detail in 1981 and 1982, shortly after it had
opened, and later co-supervised a PhD study there
(Ghazban, 1988). The morphology of the “Main

Ore” (the principal ore body) differed quite markedly
from the MVT types summarized above because it
displays sinuous, meandering channel flow forms such
as are common in meteoric water caves, especially
those in the most soluble rocks, gypsum and salt.
There was little breakdown. It is presented and inter-
preted here as an example of hypogene speleogenesis
with syngenetic ore deposition, in a setting that is
paragenetic and hyperacidic.

Nanisivik geography and geology
Nanisivik (Inuit — “the place where they find things”)
zinc/lead mine is located close to the shore of Strath-
cona Sound, a fiord at Lat. 73°N in northwestern
Baffin Island. The mine operated between 1976 and
2002, producing ~500,000 — 600,000 tons of ore per
year, reduced to 120,000 — 140,000 tons of concen-
trate for shipping. The pertinent geographical and
geological features are shown in Figures 2 and 3.

There is a horst and graben topography that has been
much scoured by glaciers of the Island ice caps. The

curvilinear or irregular break-
down bodies that can vary
considerably in width, and are
usually discontinuous. Some-
times they occur in arcuate
groupings. The principal exam-
ple of this morphology is to be
found in the Pine Point zinc/lead
mines along the south shore of
Great Slave Lake, Canada
(Rhodes et al. 1984): today 1
would interpret much of the form
there as a product of ore fluid
invasion and enlargement of the
reefal flank margin type of caves
described by Mylroie and Carew
(1990) in the modern Bahamas.

a

 §
"

To conclude this brief review it
is important to stress that in all
three morphologies the ores
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Figure 1. A world map of known MVT deposits, from Bradley and Leach, 2003.
The Nanisivik deposit is Number 4, in northwest Baffin Island.
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Figure 2. Plan view of the pyrite and zinc-lead deposits at Nanisivik, Baffin Island, Canada. Sulfide bodies are indi-
cated by cross-hatching, with ore-grade deposits shown in deeper red. HVB, HSC delineate outcrop of the principal
geological formations. Contour interval is in meters above sea level.

Main Ore and other economic deposits are contained The basement rocks are granites and gneisses of
within a horst block that rises to a little above 400 m Archaean age, now exposed to the south by the block
above sea level today. Two valleys have been eroded faulting (Figure 3). They were unconformably over-
across the horst, truncating the Main Ore at its west lain by thick sequences of clastic and carbonate
end and separating it from a pair of smaller deposits in sediments of middle Proterozoic age (1200-1000 Ma).
the east, the Ocean View and Kuhulu Trends. There is The host rock is the Society Cliffs Formation (HSC), a
an arctic climate, with permafrost present to depths subtidal to tidal algal platform carbonate containing
greater than 100 meters today and a temperature of some gypsum and organic interbeds. It displays
-12°C in the mine. evidence of occasional marine emergent epikarstifica-
tion during its accumulation
North South (Ghazban et al. 1993). The

formation is ~460 m thick in
Main Ore Horst Quartzite Anomaly thls region, medium to ma.s-
7| sively bedded, and pervasively
"~ 1 dolomitized. It rests on >900
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Figure 3. Sketch cross-section of the geological structure along a N-S transect at >1000 m of later Proterozoic

Nanisivik (Baffin Island, Canada), showing location of the principal sulfide bodies.
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strata, then uplifted with some local folding and block
faulting as shown in Figure 3. Considerable erosion
followed before re-burial and the unconformable
deposition of >500 m of Cambrian sedimentary rocks.
In an early geological report, Clayton and Thorpe
(1982) asserted that all of the formations were then cut
by gabbro dykes which they dated at 476 Ma and
which also intersect and displace the ore bodies,
indicating that the latter must be older: both the age of
the dyke and its displacing effects are now disputed
(Sherlock et al. 2004 - see below).

In the Main Ore horst block the Society Cliffs dolo-
mites dip consistently to the northwest at an angle of
15°, across the trend of the ore bodies. Graben to the
north and south are roofed in the Victor Bay shales
(Figure 3).

Morphologic features: Main Ore Mine

The Main Ore body

The Main Ore extends for three km E-W along the
horst (Figure 2). It is horizontal, oriented close to the
strike of the steeply dipping dolomites but sinuous so
that it meanders discordantly across any strictly strike-
oriented path. It is ~300 m above sea level and termi-
nated at both ends by the modern valleys entrenched
across it. Ocean View and the Kuhulu Trend, the two

North South
18 CROSS - CUT

lesser bodies to the east, are preserved at the same
elevation on the further side of the valley. To the north
a narrow, elongated ore body, the North Pyrite, has
been mapped by exploration drilling as ascending at
the Society Cliffs — Victor Bay contact through a
series of graben until it enters the horst at the same
elevation as the Main Ore; only at that elevation do its
concentrations of sphalerite and galena attain the ore
grade. To the south of the horst further, minor and
below-grade, pyrite bodies extend to higher elevations
(Figure 3).

The Main Ore body is a quite remarkable piece of
underground morphology. Figure 4 attempts to display
this with a series of cross-sections. The body is
consistently ~100 m in width and five-seven m in
height from ceiling to floor. The ceiling is a nearly
planar, horizontal bevel that does not differ in its
elevation of ~300 meters above sea level by as much
as two meters except where it is displaced a little by
the gabbro dykes (Clayton and Thorpe 1982). This
ceiling has not collapsed despite being a great, flat
span cross-cutting dolomite beds that were dipping in
cantilever array with respect to it. The sulfides
scarcely extend above it anywhere. When inspected
by the author in 1981 and 1982 a few small (half
meter-sized) solution pockets could be seen in one

North South
19 CROSS - CUT

250 -

Figure 4. The form of the Nanisivik Main Ore body and underlying manto pyrite deposits at a sample of mined adits
(cross-cuts, shown in red hatching) across the East-West trend of the ore body that, in each case, extended to or
very close to the limits of the ore. Location of exploratory, six inch drill core holes below the Main Ore are shown in
black, with the presence of ore and gangue minerals marked in red; the morphology of the manto deposits that is
shown are the mine geologists’ interpretations of these drill core interceptions.
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small area of the mine ceiling; they followed dip or
strike joints and did not appear to contain any large
amounts of pyrite or exhalative precipitates. They may
be recent features but below one example mining
operations had left a sloping fragment of corrosional
surface (the root of a fin — see below) with a section of
layered clay resting upon it that looked very much like
flood clay on any ledge in a meteoric water cave: the
clay appeared altered (blanched and hardened) but
was not accessible for sampling to confirm this. A
particularly striking feature was the apparent absence
of any substantial quantities of breakdown anywhere
in or under the sulfide ore masses, with one exception
- for two hundred meters along the southwest side of
the mine, both bedrock and ore had collapsed in large
blocks that were now firmly cemented by large
masses of ground ice; this collapse is attributed to
Quaternary sub-glacial dissolution, long after the ore
was deposited (Ford 1987).

Irregularly along its length the Main Ore mass is
underlain by a “keel” or “manto” (mine geologists’
expressions) of below-grade ore that is up to ten
meters or more in depth (Figure 4). However, this keel

is discontinuous, as are other quasi-horizontal bodies
detected by drilling that, where they are encountered,
are rather consistently centered at depths of 40 - 50 m
below the Main Ore. Olson (1984) interpreted the keel
as a later stage vadose entrenchment beneath a Main
Ore phreatic cavity and likened the pair to the mor-
phology of some of the major passages in the Mam-
moth Cave System, Kentucky. However, there is
nothing like the Main Ore cavity (if such it was) in
Mammoth Cave and the discontinuous nature of the
keel appears to rule out continuous vadose entrench-
ment. An alternative explanation is offered below.

Fins and corrosion notches in the Main Ore
Two striking features in the Main Ore are the fins and
the mineral-filled corrosion notches found there. The
fins are considered first, and illustrated in Figures 5-8.
Fins of bedrock projecting into a passage are common
features in meteoric water caves. Figure SA shows the
typical relationship between rock and channel that
may be expected there — the fins are concordant to the

South Side

B Fins at Nanisivik

CROSS-CUT 16 S

Figure 5. The morphology of bedrock fins in typical
meteoric water caves (A) compared to examples of
dolomite fins in the Nanisivik Main Ore that were
measured by the author in 1981 and 1982 (B).
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Figure 6. Schematic drawing to illustrate the
meandering forms of a pair of bedrock fins (lower in
green, upper in red) measured in 1981 at Cross-cut 16
and east of it, Nanisivik Main Ore. Scale bar at the
cross-cut is marked at one meter intervals. The true
wavelengths of the pair of meanders in the lower
sketch were about 50 meters.




bedding, it is the slightly less soluble beds that project,
and projection is rarely greater than one or two me-
ters. In contrast, within the Main Ore, fins of dolomite
in situ extend from both south (updip) and north
(downdip) walls into the cavity (Figure 5B; Ford
1985). Their form varies in detail but all are tapered.
Some extend more than 20 m in from the boundary
walls of dolomite. Note that fin surfaces truncate the
bedding. In plan view the edges of the fins are sinuous
or meandering, with a meander wavelength of ap-
proximately 50 m (Figure 6). At several places in the
mine in 1981 and 1982 it could be seen that there were
(or had been before the mining) at least two genera-
tions of fins one above the other and with the mean-
ders out of phase with each other, as can sometimes be
seen in salt mine cavities that have been subjected to
occasional flooding (Figure 7).

Figure 7. Upper left. The tip of a small dolomite fin overlain and underlain by Type i ore deposits, Main Ore,

The meandering, tapered form of the fins leaves little
doubt that they were fluid dynamic flow forms. Their
large size and discordant relationships with the dolo-
mite bedding imply that they should be very fragile,
requiring mechanical support from either the continu-
ous buoyant presence of dense fluid, or solid under-
pinning with co-precipitated ore and gangue minerals,
or both. Figure 8 shows the author’s proposed expla-
nation of their formation. They are remains of inter-
secting ‘paragenetic’ cavities. Standard models of
paragenesis in meteoric water caves are shown in
Figure 8A: the depositional environment is one that
permits net accumulation of insoluble sediments on
the floor, causing the cave roof to be dissolved up-
wards to maintain the channel cross-sectional area,
until a water table is intersected (Ford and Williams,
2007; page 232). In Figure 8A steady dissolution

S e

Nanisivik. Note the very sharp upper contact between dolomite and ore. There is some Type iv metasomatic
alteration dolomite (bright white) on the underside. Patches of ground ice are seen in the ore above the fin. The
scale bar is graduated in decimeters. Lower left. A display of Type ii chaotic ore in the central flow channel of the
Main Ore, overlain by white sparry dolomite at the top. Right. Waterline corrosion notches, fins and ceiling bevels in
the Cardona Salt Mine, Spain. Notching and beveling are completely discordant with tight concertina folding in the

diapiric salt (photo courtesy of J. Cardona).
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A Paragenetic cave development
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pool that introduces fresh carbonic acid
(H,CO;) to its surface (Figure 9A). In limestone
caves the author has seen corrosion notches of
this kind that are as much as two meters deep
(Figure 9B). Where the water is ponded behind
some natural dam entire sections of submerged
cave roof may be dissolved up to the water line,
creating a ceiling bevel (Figure 9C). More
extreme notching is known to be created where
H,S from hypogene sources is released at or just
below a water table, the Big Room at Carlsbad
Caverns (one of the world’s largest known open
cave chambers) being an example (Ford and
Williams 2007; Palmer 2007).

At Nanisivik, very sharp corrosion notches that
are horizontal and 20-30 cm high extend into
the dolomite walls for at least 20 m (the limit of
deep crosscuts in the mine). They are filled with
layered pyrites which continue out into the ore
body as regular sheets truncating earlier, dip-
ping mineral layers until they themselves are
truncated by later fillings (Figure 10A, B, C).
Note that they often have a discordant relation-

MINE

Figure 8. A) The development of paragenetic cave
morphology towards water table in meteoric water
caves: on left, where the water table is fixed through-
out evolution; on right, where it is shifted upwards
episodically. B) The author’s interpretation of the
genesis of the fins seen at Nanisivik Mine.

upwards to one fixed water table is shown on the left
and, on the right, the more complex case where the
water table itself shifts upwards from time to time, as
it might do, for example, in the flanks of a river valley
that is being aggraded. The meandering fin morphol-
ogy in the Main Ore walls was created by the overlap
of two successive paragenetic channels in an upward
shifting interface scenario (Figure 8B). Contemporary
precipitation of ore and gangue minerals may have
helped to support portions of the roof spans. The
nature of the fluid interface itself at Nanisivik
(whether a water table or other) will be considered
later.

Corrosion notching at a water line is a common

Caorrosion notching and roof beveling
in meteoric water caves

feature in meteoric water caves. Typical examples are
illustrated in Figure 9. At its most simple, a notch may
form at the water line where there is a slow drip into a
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Figure 9. Corrosion notching and roof beveling in
meteoric water caves; see the text for details.
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Figure 10. Examples of pyrite-filled corrosion notches in the Nanisivik Main Ore body, based on field sketches by
the author in 1981, and mine drilling records at No. 10 Cross-Cut.

ship with the fins, suggesting that they are later
features in most examples (Figure 10B). If the mine
geologists’ interpretation of their frequent drill cores
was correct, in the western half of the cavity is one
exceptional corrosion notch that is filled with layered
pyrite. This feature is horizontal, one meter deep, and
extends across the dipping dolomites for a distance of
350 m towards Shale Hill north of the main cavity
(Figure 2; Figure 10, lower right); it is the greatest
example of corrosion notching that I am aware of
anywhere. The roof of the Main Ore cavity itself can
be considered to be a ceiling bevel formed at the close
of a single stage; its modern extent is 300,000 m’
(~3000 x 100 m), having been reduced by surface
erosion at both ends.

Sedimentology and geochemistry

of the ore fillings

The fillings are of pyrite (FeS,), galena (PbS),
sphalerite ZnS), minor accessory minerals, and the
gangue minerals - secondary dolomite (CaMg.2CO;,
which is volumetrically predominant, chiefly as white
sparry dolomite), calcite (CaCO;) and quartz (SiO,).
The bulk porosity is quite high but most pores today
are filled with ice because, as noted, the mine is
entirely within permafrost and has a temperature of
-12° C. Generalizing, the ore displays four sedimen-
tary modes (Figure 11) : (i) as regular layers settled or

precipitated on the floor, or lapping onto the upper
faces of fins where they lie sub-parallel to the sloping
fin surfaces: (ii) as chaotic polymict breccias; these
were chiefly in the centre of the body, strongly sug-
gestive of channel cut-and-fill episodes of erosion and
deposition, including avalanching of earlier deposits
off of the lateral fins into an abruptly emptied centre:
(iii) as the horizontal, thin but layered, pyrite sheets
noted above (Figure 10), that crosscut earlier type i
and ii sediments and fill corrosional slashes into the
dolomite walls; (iv) as metasomatic replacements of
dolomite. Ghazban (1988) found metasomatism to be
more widespread than the author observed in expo-
sures laid bare in the earlier mining (1981 and 1982)
but ore-bedrock contacts remain generally sharp (as
seen in the example in Figure 7) and the depth of
isotopic alteration of bedrock where we have exam-
ined it is trivial (Figure 12).

The isotopic compositions of the dolomite gangue
suggest that they were partly a by-product of dissolu-
tion-replacement of the host rock, and partly due to
sulfate reduction by hydrocarbons and related organic
matter derived from the large volumes of shaly rocks
above and below the Society Cliffs dolomite in the
region (Ghazban et al.1992). Throughout the mine
freshly blasted rock stank of bitumen. The stable
isotopic compositions of fluid inclusions from more
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Figure 11. lllustrating three modes of ore and gangue
mineral deposition in the Nanisivik Main Ore body.
Type i as relatively thick beds onlapping a fin of
dolomite; Type ii, chaotic polymict breccias (a) early
stage, beneath the fin, and (b) later stage, occupying a
channel cut into Type i deposits: Type iii, layered pyrite
corrosion notch filling, with thin beds. From the
author’s field measurements at Cross-Cut 18 in 1981.
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Figure 12. Plot illustrating the depth of isotopic
alteration beneath the surface of a fin of dolomite

bedrock that was overlain by white sparry dolomite
(WSD). The scale is in mm (from Ghazban, 1988).
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than 400 published analyses of gangue dolomite
(principally), plus sphalerite, galena, calcite and
quartz (Olson, 1984; McNaughton and Smith, 1986;
Ghazban et al. 1991) are consistent with derivation of
the metals primarily from exchange reactions with
large volumes of metalliferous sediments, indicating
low water/rock ratios and generally moderate tem-
peratures in the system. The ore fluids were similar to
many modern oilfield brines (Figure 13). Based on
fluid inclusion homogenization temperatures and
isotope fractionations between co-precipitating
minerals, the various authors estimated temperatures
to be in the range 90-170 +/-40° C in most samples,
but rising as high as 250+/-50° C in some of the late
stage precipitates. These findings point firmly to the
conclusion that the Nanisivik ore deposits are of
hydrothermal origin, in waters with high concentra-
tions of dissolved solids (brines); CaCl, was the most
abundant solute in the fluid inclusions, suggesting that
the waters originated as sea water trapped in intersti-
ces in the regional shales and siltstones.

Modeling the genesis of the Main Ore
cavity and its deposits

Syngenesis and paragenesis

In the Introduction it was noted that there are two
schools of thought amongst the scientists who con-
sider that economic massive sulfide deposits are of
hypogene origin. One school advocates the infilling of
pre-existing karst, with relatively little modification of
the karst morphology. Sangster (1988) writes that
“The other school, advocated chiefly for the Polish
deposits, proposes that ‘the emplacement of ores and
formation of underground karst were parts of the same
formative processes and essentially simultaneous
(Sass-Gutkiewicz et al. 1982)”. At the Main Ore the
field evidence is overwhelmingly in favor of the
Polish syngenetic model, as indicated by its horizon-
tality, width, ceiling beveling and general lack of
bedrock breakdown. Further, the presence of two or
more levels of sharp fins exhibiting meandering
channel flow form, and the sedimentological evidence
of onlapping sulfides covering the fins before ava-
lanching into channels to form the polymict breccias
there strongly support the notion of a paragenetic
mode of dissolution and deposition. The dolomite was
dissolved upwards (and laterally outwards where the
corrosion interface was stable in its elevation for
substantial periods of time) with more or less simulta-
neous precipitation of sulfides and gangue minerals
underneath.

Lebedev (1974) and others have shown that many
modern hydrothermal systems are strongly episodic in
their behavior, with long periods of comparatively low
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and stable discharge being interrupted by brief spells
of abundant flow (surges): in some instances the
surges are correlated with regional earthquakes. In the
Main Ore, the contrast between the dynamic nature of
the channel cut-and-fill sulfide breccia events on the
one hand and the long periods of stability suggested
by the astonishing pyrite-filled corrosion notches
slashed horizontally for tens to hundreds of meters
laterally into the bedrock on the other, are clear
evidence of a sequence of many, dynamically very
contrasted, episodes in the history of development.

The age and depth of formation

of the Main Ore?

The question of age remains controversial. Symons et
al. (2000) accepted Clayton and Thorpe’s (1982)
contention that the gabbroic dykes displace the Main
Ore, which thus must be older. Using paleomagnetic
measurements of the ores and gabbros and correlating
the results with polar wander curves, they placed the
age of the dykes at ~720 Ma and the ore as early as
1095+/-10 Ma, which is soon after deposition of the
Arctic Bay shales that cover the host dolomites must
have ceased. In flat contradiction, Sherlock et al.
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(2004) contend that the dykes do not displace the
ore, which thus is younger. They discovered small
quantities of altered siliciclastic deposits scattered
throughout the ores and interpreted them as insolu-
ble residues of dolomite solution plus, perhaps,
other clay colloids from nearby shales. The
“Ar:*’Ar dating method was applied to samples of
orthoclase derived from the altered material, giving
ages around 461 Ma (Middle Ordovician). It is
possible that the altered clays the author observed
resting on a fragment of fin near the roof in the
Main Ore in 1981 (see above) belonged to this
category of deposits.

Based on their thermal water temperature findings,
McNaughton and Smith (1986) estimated that the
Main Ore emplacement took place at a depth of at
least 1600 meters underground. By the Middle
Ordovician the host dolomites at Nanisivik had
been deeply buried, then deformed, uplifted and
eroded, followed by a second burial beneath 500+
m of Cambrian sedimentary rocks. This history
accords well with a 1600+ m depth for the ore
emplacement.

McNaughton and Smith (1986) also derived a
vertical thermal gradient as great as 60° C/100 m
from the fluid inclusion measurements at the Ore;
this is probably an overestimate but it does under-
score the very dynamic nature of the flow system
that is also indicated by the morphologic and
sedimentary evidence outlined above.

A model for the Main Ore emplacement

Figure 14 presents the author’s model for the synge-
netic dissolution of host dolomite and emplacement of
the Main Ore at Nanisivik. Frame A shows the re-
gional picture. Readers must imagine the entire
structure to be sinking beneath a load of many hun-
dreds of meters of later Proterozoic and Cambrian
sediments that are not shown. Basin waters are being
expelled through the more permeable formations and
the major fractures.

Figure 14 B is a close-up of the Main Ore horst. It is
known that there were minor episodes of karstification
during deposition of the dolomite. After it was folded
and faulted, further karstification may have occurred
during the long erosional time interval before the
Cambrian deposition began. This is suggested by two
pieces of circumstantial evidence. The first is the
sharp northwards jog in the middle of the Main Ore,
which shifts the channel from a southside strike-
oriented position in the horst to a similar central
position (Figure 2); this kind of behavior often indi-
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Figure 14. Model for the emplacement of the Main Ore and manto massive
sulfide deposits at Nanisivik zinc-lead mine. See the text for details.

cates that the hypogene flow was ascending towards
an open target (a cave) in the rock, and became
diverted along it (Ford, 1995). Second, and associated
with the first, is the very irregular spatial distribution
and size of the sulfide deposits detected in the manto
below the Main Ore body (Figure 4). It suggests the
presence of scattered, small dip tubes (proto-caves;
Ford and Williams, 2007; 214-7) in the north-dipping
strata underneath the Main Ore level. Ore fluids rising
up the northern boundary fractures were able to
migrate out into the body of the dolomite horst block
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via these tubes, and begin sulfide
deposition as the pressure dropped.

Figure 14C completes the story. The
graben is sinking, with episodic
stillstands of the kind illustrated in
Figure 8A. One such (Number 2 in
the figure) is a little longer in
duration and gives rise to the larger
concentrations of sulfides seen from
place to place at ~250 m asl in the
manto zone. Then the fluid interface
is stable but oscillating for a long
period in a seven meter high zone
that is now centered at 300 m asl. At
least two successive paragenetic
channels were created within this
narrow range, forming the bulk of
the Main Ore body. Flow discharge
was markedly episodic during its
formation, including periods of
steady paragenetic excavation/
deposition, stronger surges that
temporarily emptied portions of the
central channel, and long periods of
quiescence when very deep corro-
sion notches of little height could be
cut into the host rock at precisely
fixed levels of the fluid interface.

Further sinking eventually uncou-
pled the Main Ore body from its
fluid sources, some of which were
evidently re-directed upwards to the
south, where the final surviving
pyrite body in the local area was
deposited at 350-380 m asl in the
Quartzite Anomaly (Figure 14A).

Dissolution and the fluid
interface

Ghazban (1988) showed that degra-
dation of the local shale bodies
(Arctic Bay and Victor Bay forma-
tions) to produce the kerogen

predecessors of oil would release more than sufficient
CO; to supply the carbonic acid necessary for the
volumes of dissolution of the Society Cliffs dolomite
that occurred during emplacement of the ore bodies.
However, the exceptionally deep corrosion notches
suggest that there was some contribution from
stronger acids: H,S from the reduction of gypsum,
interacting with the metal chloride solutions to pre-
cipitate the sulfides, probably yielded the extra H' in



What was the nature of the fluid interface? This
question is not within the author’s area of competence
but the combination of high temperatures with stabil-
ity over time suggests that it must have been either an
oil/brine interface or (more probably?) a gas/brine
interface. The geographical area covered by the Main
Ore horst, including the Ocean View and Kuhulu
Trend extensions, is similar to that of many small oil
or gas fields, and the horst and graben geometry with
shale aquitards will have offered opportunities for
structural trapping.

The regional tectonic setting

Bradley and Leach (2003) have carefully reviewed the
tectonic settings of the worldwide MVT deposits
shown in Figure 1. The Nanisivik massive sulfide
deposits are atypical in that they appear to have
accumulated in an extending (sinking) tectonic setting
rather than one of the variety of collisional settings
(orogenic forelands) which predominate. This may
help to explain the very unusual and spectacular
speleomorphic features (both dissolutional and deposi-
tional) described in the Main Ore.

Conclusions

The massive sulfides at the Nanisivik Mine were
emplaced in a syngenetic mode by thermal waters
(brines) of hypogene origin. Host dolomite was
dissolved and the sulfide and gangue minerals were
precipitated essentially simultaneously at a given site.
The principal mode of cavity excavation and mineral
deposition was paragenesis, wherein a corrosional
ceiling is dissolved upwards in balance with the rising
elevation (increasing thickness) of deposits on the
floor below. Most dissolution took place at or close to
an interface between brine and oil or brine and gas.
Rates of discharge of the brine ranged widely, some-
times surging to carve channels through previously
deposited ore, at other times being semi-static and
creating deep corrosion notches precisely at the
interface. Deposition took place in an extensional
(sinking) basin setting in which metal-rich formation
fluids from clastic rocks could be expelled through the
host dolomites.
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THE IMPACT OF HYPOGENIC PROCESSES ON WATER
RESOURCES IN THE ARID SOUTHWEST: EXAMPLES FROM
THE LOWER PECOS REGION OF NEW MEXICO, USA
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Abstract

Hypogenic phenomena are well-developed throughout
the lower Pecos region of southeastern New Mexico,
USA, occurring over a distance of more than 300 km.
Artesian flow of groundwater from these features
makes a substantial contribution to stream flow in
surface drainages such as the Pecos River and its
tributaries. In addition, groundwater
stored in karstic artesian aquifer sys-

Grande in Texas (e.g., Hall, 2002, p. 40-41; Johnson
et al., 2003). Farther upstream the upper Pecos is a
high mountain stream. The lower Pecos basin includes
the northern edge of the Chihuahua Desert. The
climate of the region is semi-arid, with mean annual
rainfall less than 33 cm/yr, and thus can sustain only a
limited population. The U.S. Census Bureau (2009)

tems in the lower Pecos basin supports
a robust agricultural community essen-
tial to the economy of the region.
Human settlement in this part of the
arid southwest would be much more
limited without the benefit of hypogenic
groundwater flow systems on local and
regional scales.

Introduction

Manifestations of hypogenic processes
extend across almost three degrees of
latitude in the lower Pecos region of
southeastern New Mexico, USA (Figure
1). Hypogenic features include springs
and cenotes fed by upward artesian
flow of groundwater from carbonate
aquifers developed in the middle
Permian San Andres limestone and
Capitan Reef. Artesian flow from these
features contributes directly to surface
drainages such as the Pecos River as
base flow, and indirectly by overflow
into wetlands that are hydraulically
connected to the Pecos (Land, 2003;
2006). This paper summarizes the
impact of hypogenic groundwater
discharge on human settlement patterns
in the lower Pecos region of New

Mexico.
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With respect to water use, the lower
Pecos region is conventionally regarded
as extending from Santa Rosa, NM
(Figure 1) to its confluence with the Rio

Advances in Hypogene Karst Studies

Figure 1. Regional map of the lower Pecos basin, showing major aquifer
systems and surface drainages. BLNWR = Bitter Lakes National Wildlife

Refuge. BLSP = Bottomless Lakes State Park (modified from Land and
Newton, 2007)
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Figure 2. North-south variation in surface water quality in the Pecos
River (New Mexico Environment Dept., 2003, unpublished data).

estimates that the total population in 2006 was only
about 120,000 in the four New Mexico counties
through which the lower Pecos River flows (Figure 1).
The economy of the region is primarily agricultural,
relying to a certain extent on surface water resources.
However, water quality in the Pecos River is generally
poor, with high sediment load and a dissolved solids
content ranging from 1000 to 8000 mg/1 (Figure 2)
(New Mexico Environment Dept., unpublished data).
While adequate for irrigation and watering livestock,
surface water in the lower Pecos basin is for the most
part unfit for human consumption. In most of the
region, groundwater stored in karstic artesian aquifers
is the sole source of drinking water
and municipal water supply. Popula-
tion centers on the lower Pecos are
concentrated in areas where artesian
water resources are available,
separated by vast areas where only
isolated ranches occur.

I
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i
Artesian water resources !
in the Lower Pecos Basin |
Carlsbad area !
The town of Carlsbad in central !
Eddy County represents the south- |
ernmost community in the lower i
Pecos basin where artesian water E
resources are available. Farmers in 1
the Carlsbad area rely on surface :
water stored in artificial impound- |
ments on the Pecos River for irriga-
tion, but water in that reach of the
Pecos is too saline for human
consumption, with dissolved solids
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few km northeast of the Guadalupe Moun-
tains (Figure 1). The middle Permian
Capitan Reef is exposed along the southeast
escarpment of the mountains, and serves as
host rock for the famous Carlsbad Cavern
and Lechuguilla Cave, both formed by
hypogenic speleogenesis (Hill, 1987;
Stafford et al., 2009). A few km northeast of
the entrance to Carlsbad Cavern, the Capi-
tan Reef plunges into the subsurface and
extends beneath Carlsbad (Figure 3), where
it forms a karstic aquifer that provides the
potable water supply for the town (Hiss,
1975; 1980). A substantial component of
recharge to the Reef aquifer occurs by direct
infiltration into cavernous zones in the
Capitan limestone during flood events, in
those areas where the Reef is exposed in
arroyos in the Guadalupe Mountains.
Groundwater flows northeastward through the reef
and discharges from springs along the Pecos River
within the town of Carlsbad (Bjorklund and Motts,
1959; Land and Burger, 2008).

le———o3eM YysnoeIgq—>

The Capitan Reef can be followed in the subsurface
east of Carlsbad in southeastern New Mexico, where it
defines the northern margin of the Delaware Basin
(Figure 3). However, throughout most of its extent the
Reef is a brine aquifer, with chloride concentrations
>5000 mg/1 (Hiss, 1975; 1980). Despite the vast
extent of the Capitan Reef, Carlsbad, because of its
proximity to recharge areas in the Guadalupe Moun-
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Figure 3. Surface and subsurface extent of the New Mexico portion of the
Capitan Reef aquifer. Contours show chloride concentration in the Reef
aquifer, in mg/l (modified from Hiss, 1975).




tains, is the only community in the lower Pecos region
positioned to exploit the artesian water resources in
the fresh water portion of the aquifer. For this reason,
Carlsbad is also home to ~50% of the population of
Eddy County (U.S. Census Bureau, 2009), and has a
substantially higher percentage of green lawns than
many other parts of the state. A few km north of
Carlsbad the Reef changes facies into backreef
evaporites and redbeds with limited potential to store
or transmit fresh water (Figure 4). Absent artesian
base flow from the Reef, the Pecos River is a losing
stream for several km upstream (Cox, 1967). The
town of Artesia, the only other significant population
center in Eddy Co., derives its freshwater resources
from a separate, underlying aquifer system formed in
karstic limestones of the San Andres and Grayburg
Formations (Figure 4).

N S

Roswell

Carlsbad

Figure 4. Diagrammatic cross-section showing shelf-to
-basin facies relationships within middle Permian Gua-
dalupian strata in southeastern New Mexico. Backreef
units of the Artesia Group change facies from carbon-
ates in the near-backreef section to interbedded
evaporites and mudstone farther north, where they
serve as confining beds for the San Andres artesian
aquifer. Line of section shown in Figure 1 (modified
from Hiss, 1975).

Roswell Artesian Basin

The Roswell Artesian Basin, located in central Chaves
and northern Eddy Counties (Figure 1), is one of the
most intensively farmed areas in New Mexico, and
has been described by many workers as a world-class
example of a rechargeable artesian aquifer system
(e.g., Havenor, 1968). The principal crops in the Basin
are alfalfa, cotton, sorghum, pecans, and chiles. Dairy
farming is also an important component of the agricul-
tural economy. Total dissolved solids along this reach
of the Pecos River range from 2000 to 7000 mg/1
(Figure 2), and for this reason, communities in the
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Roswell Basin derive virtually all of their irrigation,
industrial, and municipal drinking water from ground-
water in an artesian carbonate aquifer and a shallow
alluvial aquifer. Groundwater in the carbonate aquifer
is stored in multiple erratically developed, highly
porous and transmissive zones within the middle
Permian San Andres limestone, and to a lesser extent
in the overlying Grayburg Formation of the Artesia
Group (Figure 4).

Recharge to the artesian aquifer occurs by direct
infiltration from precipitation, and by runoff from
intermittent losing streams that flow eastward across
the Pecos Slope, a broad area east of the Sacramento
Mountains where the San Andres limestone is exposed
in outcrop (Figures 1 and 5). Enhanced recharge
occurs through sinkholes and solution-enlarged
fractures associated with the Pecos Buckles, wrench
fault zones of probable Laramide age that extend SW-
NE for several tens of km across the Pecos Slope
(Motts and Cushman, 1964; Havenor, 1968; Kelley,
1971). The artesian aquifer becomes confined ~10 km
west of the city of Roswell, where the eastward-
dipping San Andres limestone passes beneath gypsum
and mudstones of the Artesia Group (Figure 5). Most
of the agricultural activity in the Basin is concentrated
east of the confined-unconfined boundary in a 20 km
wide strip west of the Pecos River.

In pre-development times, groundwater flowed east
and south, down-gradient from the recharge area, then
upward through leaky gypsum confining beds into the
alluvial aquifer, and ultimately to the Pecos River
(Figure 5). Since the inception of irrigated agriculture
in the early 20™ century, most of the down-gradient
flow is now intercepted by irrigation wells in the
Artesian Basin. Total discharge from artesian wells
for irrigation and municipal water supply is approxi-
mately 432 million m*/yr (Barroll and Shomaker,
2003). In the early history of development of the
artesian aquifer, many wells flowed to the surface
with yields as high as 21,500 I/min (Welder, 1983),
and high-volume springs fed tributary streams flowing
into the Pecos River from the west.

Substantial natural discharge from the artesian aquifer
still contributes to base flow in the Pecos River,
through fractures and solution channels formed in the
overlying evaporitic confining beds. This natural
discharge amounts to roughly 37 million m*/yr, but
was much greater before irrigated farming began
(Barroll and Shomaker, 2003; Land and Newton,
2008). Natural discharge from the artesian aquifer has
caused the formation of a complex of karst springs,
sinkhole lakes and extensive wetlands along the west
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bank of the Pecos at Bitter Lakes
National Wildlife Refuge, east of
Roswell (Figure 1) (Land, 2005;
Land and Huff, 200-). Along the
eastern margin of the Pecos River
valley, discharge from the artesian
aquifer has formed a chain of large
gypsum cenotes in the Seven Rivers
Escarpment at Bottomless Lakes
State Park (Figure 6) (Land, 2003;
2006). Discharge from the springs
and cenotes at Bitter Lakes and
Bottomless Lakes contributes indi-
rectly to flow in the Pecos River.

In the early history of settlement in
the Artesian Basin, most of the
cenotes at Bottomless Lakes over-
flowed into wetlands along the
eastern shore of the Pecos River, but
the progressive decline in hydraulic
head in the artesian aquifer (up to 70
m in some areas) caused lake levels Lea Lake

to fall, so that now only Lea Lake, the : ") ; :
largest of the cenotes, overflows. In ) o B ! ’f; GOOQ gpm i
1975, a catastrophic rockslide oc- X § - e }’ _33,000 m"/day
curred on the steep eastern wall of » - - ~9,800 acre-ft/yr "
Lea Lake, which apparently opened ‘ & **s; : 3
new spring sources in the lake bed, as
indicated by a significant increase in
flow from the lake and the flooding
of adjacent grazing lands with several
thousand m’ per day of saline water.
A culvert was installed to convey the

increased flow into the wetlands west g6 6, Aerial view of gypsum cenotes at Bottomless Lakes State Park,
of the park, but the lake continued to gzt of Roswell, showing overflow from the Lea Lake cenote.
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flood an adjacent parking lot and camping area during
the winter. In 2002, the Park completed construction
of a more efficient drainage canal to capture all of the
discharge, resulting in a substantial increase in meas-
ured flow volume from the lake. As discharge contin-
ued to increase, a second drain was installed in 2005.
On January 16”1, 2008, the New Mexico Interstate
Stream Commission measured a combined discharge
of 41 million I/day from both drains. The increased
flow from Lea Lake, amounting to roughly 15 million
m’/yr, has caused an expansion of wetlands to the
west, which are now hydraulically connected to the
Pecos River, and a net gain in stream flow down-
stream from the park, an interesting phenomenon in a
semi-arid region that experiences periodic drought.

The broader societal implications of this local increase
in water supply relate to the interstate use of surface
water resources in the lower Pecos valley. New
Mexico shares the water in the Pecos River with its
downstream neighbor, the state of Texas, and is
obligated by interstate compact to deliver a specific
volume of water to Texas every year (Hall, 2002). The
increase in artesian flow from Lea Lake will ulti-
mately be used by the state of New Mexico to help
meet its compact obligation.

94% of the population in Chaves and northern Eddy
Counties lives in the cities of Roswell and Artesia, or
in one of the small farming communities concentrated
along the Pecos River between them (U.S. Census
Bureau, 2009). Outside the area of irrigated agricul-
ture in the Roswell Artesian Basin only isolated
ranches occur.

Northern Gypkap

North of Roswell lies an extensive area in DeBaca and
northern Chaves Counties known to cave explorers as
the northern Gypkap (Gypsum Karst Project; Figure 1;
Eaton, 1987). Artesian groundwater resources are not
available in this region, in part because of the much
greater distance from potential recharge areas to the
southwest, and because of regional groundwater flow
direction away from the Gypkap arca. However, there
is extensive evidence of past hypogenic processes, as
indicated by the widespread distribution of maze
caves and sinkholes formed in gypsum bedrock of the
upper San Andres Formation and Artesia Group
(Stafford et al., 2009). Regional facies changes within
the San Andres Formation may also contribute to the
limited availability of groundwater in this area.
Regional stratigraphic models of the San Andres show
deposition of mixed carbonates and evaporites occur-
ring over an extremely broad shelf of very low relief
in east central and southeastern New Mexico, west
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Texas and the Texas Panhandle. The formation is
comprised mostly of carbonates in southern New
Mexico, where it is bounded to the southeast by a low-
relief shelf margin with ramp-like geometry (Silver
and Todd, 1969; Elliott and Warren, 1989). The
Glorieta sandstone member of the lower San Andres
thickens to the north at the expense of the carbonate
lithology. The upper San Andres becomes increas-
ingly evaporitic to the north and east (Kelley, 1971;
Ward et al., 1986) and is correlative with the Blaine
gypsum in western Oklahoma.

In the subsurface of the Roswell Artesian Basin
carbonate lithologies predominate, and the evaporitic
component of the San Andres is represented by
intraformational solution-collapse breccias created by
dissolution of interbedded evaporites by circulating
groundwater. These breccia zones provide much of
the groundwater storage capacity for the artesian
aquifer system (Motts and Cushman, 1964; Welder,
1983). North of Roswell, shelfward facies change
results in a San Andres section that consists mostly of
gypsum with relatively thin interbeds of dolomite or
limestone (Eaton, 1987; Forbes and Nance, 1997,
Stafford and Nance, 2009). Common features of the
San Andres in the northern Gypkap area are thus
sinkholes and gypsum caves with dolomite ceilings or
floors, rather than the extensive solution collapse
breccias found farther south in the Artesian Basin.
These caves are located above the regional water
table, which is several hundred m deep in most of the
northern Gypkap area, and do not provide significant
potential for storage of groundwater other than as
highly localized perched aquifers.

Because of the absence of abundant water supply, the
northern Gypkap region is very sparsely populated.
Most of the population of DeBaca County (>60%) is
concentrated in the small farming community of Fort
Sumner, which uses Pecos River water for irrigation
(Figure 1) (U.S. Census Bureau, 2009).

Santa Rosa area

Solution-collapse processes have profoundly affected
the topography and hydrology of western Guadalupe
County, primarily due to subsurface dissolution of
Permian carbonates and gypsum (Dinwiddie and
Clebsch, 1973). The small community of Santa Rosa
(2000 population ~2700), located in central Guada-
lupe County at the northern end of the lower Pecos
valley (Figure 1), occupies a broad solution-
subsidence depression about 10 km in diameter and
120 m deep. The Pecos River enters the depression
through a narrow gorge north of town and flows
southward across the eastern floor, exiting through the
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southern drape wall of the sink. Kelley (1972) reports
that subsidence results from subsurface dissolution of
limestone and evaporites in the San Andres Forma-
tion, which is ~180 m deep beneath the floor of the
basin. The Santa Rosa depression has been filled with
70 — 120 m of Tertiary and Quaternary sand and
gravel deposited by the Pecos River, and is rimmed by
an inward-sloping drape of sandstone beds of the
Triassic Santa Rosa Formation (Kelley, 1972).

Groundwater is the chief source of water supply in
Guadalupe County. Surface water is sparse and
available perennially only along the Pecos River. Thus
most of the population of Guadalupe County (62%) is
concentrated in Santa Rosa (U.S. Census Bureau,
2009). The San Andres limestone is the principal
source for large quantities of groundwater in the
western and central parts of the county. Irrigation
wells completed in the San Andres may yield up to
9500 1/min, and spring flow in the area ranges from 35
to 11,000 I/min (Trauger, 1972; Dinwiddie and
Clebsch, 1973).

About 25 km upstream from Santa Rosa the Pecos
River flows across outcrops of the San Andres Forma-
tion along the north ’

flank of Esteritos
Dome (Figure 1).
Along this reach of
the river the Pecos
loses water through
fractured and cavern-
ous San Andres
limestones. Ground-
water flows southeast
through these highly
transmissive carbon-
ates and discharges
through springs near
the river, and by !
upward artesian flow
into sinkhole lakes in
the vicinity of Santa
Rosa. The general
route of subsurface
flow is indicated by a
line of lakes and
sinkholes between
Santa Rosa and the
San Andres outcrops
at Esteritos Dome
(Dinwiddie and
Clebsch, 1973).

Formation grades from a limestone facies in western
Guadalupe County to anhydrite-gypsum-halite facies
as it dips eastward into the Tucumcari Basin (Trauger,
1972). The precise nature and location of this subsur-
face facies change is not well-constrained, but is
clearly reflected in mineral content in the Pecos River.
Sulfate begins to increase upstream from Santa Rosa,
indicating that circulating groundwater that contrib-
utes to base flow is in contact with beds of gypsum in
the San Andres Formation. Near Santa Rosa, an
increase in chloride content in the river suggests that
beds of salt are present in the subsurface (Dinwiddie
and Clebsch, 1973). The location of the Santa Rosa
subsidence depression is very likely controlled by
subsurface dissolution of evaporites in the vicinity of
this facies change.

In addition to the large solution-subsidence depres-
sion, a great many smaller sinkholes occur in the
Santa Rosa area, primarily along the north and west
sides of the basin. Where soluble rocks in the underly-
ing San Andres are overlain by relatively thin sand-
stone beds of the Santa Rosa Formation, upward
stoping and collapse has produced vertical-walled
sinkholes of typical cenote morphology formed in
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Figure 7. Aerial view of the Santa Rosa karst district, showing location of the Blue Hole

The San Andres
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siliciclastic rocks (Kelley, 1972). These sinks contain
lakes sustained by upward artesian flow of groundwa-
ter from the San Andres aquifer, the best known of
which is the Blue Hole sink (Figure 7). Groundwater
from the underlying artesian aquifer discharges from
Blue Hole at a rate of 11,350 1/min, ultimately flowing
into the Pecos River (Dinwiddie and Clebsch, 1973).
This artesian discharge contributes more than 5.8
million m*/yr to stream flow in the Pecos.

Conclusions

Water quality in the Pecos River, while generally
adequate for irrigation and watering stock, is too
saline for human consumption (Figure 2). For this
reason, groundwater derived from karstic artesian
aquifers is the sole source of fresh drinking water for
the agricultural communities of the lower Pecos basin.
The small population centers of the lower Pecos are
concentrated in those areas where artesian water
supplies are available. Human settlement in this part
of the arid southwest would be much more limited
without the benefit of hypogenic groundwater flow
systems on local and regional scales.
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UPPER ORDOVICIAN TRENTON-BLACK RIVER
HYDROTHERMAL DOLOMITE RESERVOIRS OF
EASTERN NORTH AMERICA

Langhorne B. Smith Jr.
New York State Museum, Room 3140 CEC, Albany NY
12230 USA, Ismith@mail.nysed.gov.

Abstract
In the past decade, more than thirty new natural gas
fields have been discovered in laterally discontinuous
brecciated, vuggy dolomites of the Upper Ordovician
Black River Group in south-central New York. These
dolomitized reservoirs are virtually identical to those
found in the Albion-Scipio Trend in Michigan, the
Lima-Indiana Trend in Ohio and many smaller fields
across eastern North America. The dolomitized
reservoirs form around basement-rooted transtensional
faults, some of which are detectable on seismic data.
Most fields occur in and around elongate fault-
bounded structural lows interpreted to be negative
flower structures. Away from these faults, the forma-
tion is composed of impermeable limestone and forms
the lateral seal for the reservoirs. In most cases the
faults die out within the overlying Trenton Limestone
and Utica Shale. Most porosity occurs in saddle
dolomite coated vugs, breccias and fractured zones.
The patchy distribution around basement-
rooted faults and geochemical and fluid inclusion
analyses support a hypogene, fault-related hydrother-
mal origin for the saddle and matrix dolomites. The
breccias are interpreted to have formed in space
created by transtensional faulting with a component of
dissolution by hydrothermal fluids flowing up the

faults. Using the appropriate integrated structural-
stratigraphic-diagenetic model, more hydrothermal
dolomite natural gas reservoirs are likely to be discov-
ered in the Trenton and Black River Groups of eastern
North America and in carbonates around the world.

Background

Oil and gas have been produced from laterally discon-
tinuous brecciated, vuggy, dolomitized zones in the
Upper Ordovician Trenton and Black River carbon-
ates in eastern North America for more than a century.
The first discoveries were made in the dolomites of
the Lima-Indiana Trend of Ohio and Indiana (Figure
1) in 1884. Most of the dolomites are demonstrably
fault-related as they align with the NNW-SSE trend-
ing Bowling Green Fault and other fault zones
(Wickstrom et al., 1992). More than 500 million
barrels of oil and over 28 million cubic meters of gas
(one trillion cubic feet) of gas were produced from the
Lima-Indiana Trend (Wickstrom et al., 1992), making
it one of the first giant oilfields in the world. Smaller
yet still significant discoveries were subsequently
made in fault-controlled dolomites at Dover Field,
Ontario, and Deerfield and Northville Fields in
Michigan (Hurley and Budros, 1990).
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The next major discovery in Trenton-Black River
laterally discontinuous dolomites was the Albion-
Scipio Trend in southern Michigan (Figure 1). Porous
matrix dolomite, saddle dolomite-cemented breccias,
saddle dolomite-lined fractures and vugs, occur in a
trend of en echelon structural lows that is ~50 km long
(30 miles) long and about 1.6 km (1 mile) wide
(Hurley and Budros, 1990). Albion-Scipio Field has
produced more than 250 MMBOE (million barrels of
oil) since its discovery. Several smaller fields have
subsequently been discovered in Michigan and On-
tario.

Natural gas was discovered in laterally discontinuous
dolomite in the Black River Group of south-central
New York in 1986. Since then, at least thirty new
fields have been discovered in laterally discontinuous
dolomites of the Trenton-Black River (Figure 2). Most
of the fields are between 2,000

fields have a significant component of cavernous
porosity (Albion-Scipio is famous for its bit drops of
up to ~18 meters (60 feet)), others, including those in
New York, have little or no cavernous porosity.

Loucks (1999, 2003a, 2003b) recently suggested that
the brecciation in Trenton-Black River reservoirs
occurred when the Trenton and Black River carbon-
ates collapsed into meteoric caves in the underlying
Cambro-Ordovician Beekmantown Group. Later, deep
-burial fluids then were interpreted to be responsible
for the dolomitization and mineralization in porosity
that stayed open for more than 100 million years
(Loucks 1999, 2003a, 2003b).

Most other workers agree that the breccias, vugs and
patchy dolomite formed due to faulting and associated
fluid flow up basement-rooted faults (Harding, 1974;

and 3,000 m deep. Several
wells have produced at sustain-
able rates of > 283, 000 m*/day
(10 million cubic feet per day
(MMCF/D)), and the best well
produced in excess of 1 million
m’/day (35MMCEF/D for
several months. As of the end
of 2007, the well with the best
cumulative production had
produced more than 622
million m® (22 billion cubic
feet (BCF)), the best field
(Quackenbush Hill) had
produced more than 2.46
billion m® (87 BCF) and the
trend had produced more than
6.57 billion m* (232 BCF) of
gas.
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1990; Colquhoun, 1991) and
along other wrench and possi-
ble normal faults (Wickstrom
et al., 1992). The reservoir
facies consists of matrix
dolomite with saddle dolomite
cemented vugs, breccias and
fractures around the faults, and
the reservoirs are laterally
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Advances in Hypogene Karst Studies



Prouty, 1988; Gregg and Sibley, 1984; Taylor and
Sibley, 1986; Hurley and Budros, 1990; Colquhoun,
1991; Wickstrom et al., 1992; Coniglio et al., 1994;
Davies, 2001; Smith, 2006; Smith and Davies, 2006)
and has nothing to do with meteoric karst. Harding
(1974), Prouty (1988) and Hurley and Budros (1990)
suggested that the elongate Albion-Scipio Field in
southern Michigan formed over a left-lateral strike-
slip fault system and that hot fluids flowed up the
faults and fractures and dolomitized the adjacent
limestone. The structural sags were interpreted to have
formed by transtensional faulting and the development
of negative flower structures (Harding, 1974; Hurley
and Budros, 1990). Brecciation is interpreted to have
occurred due to space creation in transtensional fault
zones (Davies and Smith, 2006). Wickstrom et al.
(1992) suggested a similar origin for dolomite around
the NW-SE trending Bowling Green Fault Zone in
northwestern Ohio and Colquhoun (1991) made
similar interpretations about the Hillman Field in
southern Ontario.

The recently discovered natural gas fields in New
York are similar to the Trenton-Black River Fields in
Ohio, Michigan and Ontario. Saddle dolomite-lined
vugs, fractures and breccias, and matrix dolomitiza-
tion occur around subtle basement-rooted faults that
are visible on seismic data. Away from the faults, the
Black River is composed of unaltered limestone.

The purpose of this paper is to present structural,
stratigraphic, petrographic and geochemical data from
the dolomite fields in New York that together demon-
strate that they formed entirely in the subsurface due
to wrench faulting and bottom-up hydrothermal fluid
flow and to show the similarity between the fields in
New York with those in Ohio, Ontario and Michigan.
The timing and depth of alteration is an ongoing
controversy and data will be presented that demon-
strates that the dolomitization and other hydrothermal
alteration mainly occurred in the Late Ordovician,
soon after deposition when the Trenton and Black
River strata were buried less than 500 meters.

Geologic setting

The Grenville Basement, which underlies New York
State and much of the Eastern United States, has been
subjected to numerous tectonic events that produced
numerous fault and fracture trends. The Grenville
Orogeny occurred approximately 1.1 billion years ago
(Moore, 1986) and during this event, thrust faults and
associated tear faults formed. After the Grenville
Orogeny, North America was part of a supercontinent
that underwent a long-lasting episode of rifting in the
Late Precambrian (620-550 ma: van Staal, 2005).
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There were numerous failed rift zones such as the
Rome Trough, Reelfoot Rift and many other features
(Burke and Dewey, 1973; Thomas, 1991), some of
which extend into New York. Failed rift extensional
faults are interpreted to extend from Pennsylvania into
south-central New York in an ENE trend (parallel to
many of the trends of the Black River hydrothermal
dolomite occurrences) and then turn toward a more
NNE trend as they extend farther north and east
toward the Mohawk Valley and the Adirondack
Mountains (Jacobi et al., 2008). Along with the
extensional faults there were associated strike-slip
transfer faults (Thomas, 1991) which are typically
oriented close to perpendicular to the extensional fault
systems. The faults formed during these earlier times
were likely reactivated during subsequent tectonic
events.

After the Late Precambrian rifting of the superconti-
nent, New York was situated on a passive margin
developed over the New York Promontory (Thomas,
1991). The Middle Cambrian Potsdam Sandstone (0-
180 m thick) rests unconformably on the rifted base-
ment and is overlain by the Cambro-Ordovician
Beekmantown Group carbonates and siliciclastics
(Figure 3). In New York, the Beekmantown is com-
posed of the Cambrian Little Falls Dolomite, which
has common vugs, breccias and fractures partially
filled with saddle dolomite, “Herkimer Diamond”
quartz crystals and anthraxolite, a carbonate mineral
with solid hydrocarbon in the matrix. The upper part
of the Beekmantown consists of the Tribes Hill
Formation, which is dolomitized near some faults and
mostly limestone away from faults where it outcrops
in the Mohawk Valley of New York (Landing et al.,
1996; Smith et al., 2004b; Slater et al., 2006). The
Beekmantown and its equivalents across North
America (Knox, Ellenburger, Arbuckle, St. George
and Romaine) commonly host Mississippi Valley
Type Lead-Zinc sulfide deposits and dolomitized oil
and gas reservoirs. The global Lower Ordovician
Knox Unconformity overlies the Beekmantown.

The overlying Black River Group is primarily com-
posed of muddy and fine-grained shallow marine
carbonates. The Black River is overlain by the Tren-
ton Group, which is composed of deeper water argilla-
ceous limestones and calcareous shales and high-
energy shallow marine grainstones and packstones
(Brett and Baird, 2002). The Trenton and Black River
thin toward eastern New York, where they are absent
in some places, and thicken into the south-central part
of the state where most of the recent production
occurs (Rickard, 1973). The Trenton is overlain by the
deeper-water Utica Shale, which is a black shale that
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Figure 3. Generalized stratigraphic column for central
New York. The Black River Group is earliest Late
Ordovician in age.

blankets much of the eastern North America. This
contact is diachronous as the Trenton Limestone
grades laterally into the lower members of the Utica
Shale to the south and east. The Utica Shale grades up
into the Ordovician Lorraine Siltstone and Queenston
Sandstone, which are siliciclastics that prograded from
the Taconic Mountains across most of New York in
the Late Ordovician.

The Taconic Orogeny began in the Late Ordovician
when an island arc collided with proto-North America
east of present-day New York and continued through-
out the Late Ordovician and into the Early Silurian
(Ettensohn and Brett, 2002). Both the Black River and
Trenton Groups have bentonite (volcanic ash) beds in
them, some of which can be correlated for great
distances (Kolata et al., 1996). Further evidence for
tectonic activity at this time includes development of a
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foreland basin to the east, Late Ordovician extensional
faulting in the foreland area of the Mohawk Valley
(Bradley and Kidd, 1991), spatial and temporal
variations in differential subsidence in the Trenton
Group and the occurrence of seismites in the outcrops
of Trenton and Utica-aged rocks in New York, Ken-
tucky and Ohio (Pope et al., 1997; McLaughlin and
Brett, 2002; Ettensohn et al., 2002).

Methods

Logs were analyzed and maps were constructed using
Petra Software and then imported into Adobe lllustra-
tor where they were manipulated for presentation.
Cores were described using slabs and thin sections.
Samples of matrix dolomite, saddle dolomite, calcite
and quartz were collected separately for each set of
analyses. In some cases, samples were split four ways
so we could get fluid inclusion, stable isotope, trace
element and strontium isotope data for the same
samples.

Fluid inclusions were analyzed by Fluid Inclusion
Technologies, Inc. using commonly accepted tech-
niques and equipment. Polished slabs of rock material
were prepared and studied optically with a petro-
graphic microscope. Samples were placed into a gas-
flow temperature stage (manufactured by Fluid Inc.)
and individual inclusions in aqueous inclusion popula-
tions were viewed optically during heating and cool-
ing (-196°C to +200°C or higher). Phase equilibria
within the trapped fluids reflect their composition and
bulk density, which, in turn, is a function of trapping
temperature, pressure and fluid composition for each
inclusion.

Stable isotopes values were measured by Peter Swart
at the University of Miami. Samples were reacted for
10 minutes using the common acid bath method at 90°
C and the CO; produced analyzed using a Finnigan
MAT-251. Standard isobaric corrections were applied.
Data for both C and O isotopes are reported relative to
the Vienna Pee Dee Belemnite (V-PDB) using the
conventional notation.

Trace elements and Strontium isotopes were analyzed
by Mihai Ducea at the University of Arizona. About
100 mg were dissolved for each sample in 2.5M nitric
acid. About 10% of that was used for trace element
analyses; the remainder was taken up in 3.5M nitric
acid and passed through Sr Spec chromatographic
columns for rapid Sr elution. The separated Sr cut was
then redissolved in 1% nitric acid.

Trace elements were analyzed in a mild nitric acid
using a Perkin Elmer Elan DRC-II instrument. Stron-



tium isotopes were analyzed on a VG Sector 54
instrument. During the period of our analysis, the
measured ¥’ Sr/**Sr ratios were 0.71025+1 for standard
NBS 987.

Data

Maps and cross-sections

Figure 2 shows the distribution of Trenton-Black
River producing hydrothermal dolomite fields and
discoveries in New York. Many of these fields are in
the process of being drilled and extended and this map
is likely to look quite different when all drilling is
completed.

The distribution of dolomite in the Trenton and Black
River Groups helps explain its origin. The Trenton
Group carbonates are primarily limestone and shaly
limestone throughout most of New York and are only
rarely dolomitized. This is in contrast to Ohio, Michi-
gan and Ontario where the Trenton is commonly
dolomitized and produces more hydrocarbons than the

Glodes Corners Road Field

underlying Black River. There is a thick shaly lime-
stone at the base of the Trenton, where the fields are
located in south-central New York, that thins and
pinches out to the west. This may be the primary
reason that the Trenton is rarely dolomitized in central
New York. There is virtually no porosity in the
limestone facies of both the Trenton and Black River
facies and these impermeable limestones are thought
to form a vertical and lateral seal on the hydrocarbon
reservoirs. Furthermore, there is no “cap” dolomite in
New York (sensu Wickstrom et al., 1992), which is a
tight regional dolomite in the uppermost Trenton
between 3-15 m thick that blankets much of north-
western Ohio and southwestern Michigan.

Most of the dolomitization in New York occurs in the
Black River Group and is laterally discontinuous.
Where there are enough wells to map out dolomite
bodies, the dolomite occurs in sub-linear trends that
are up to 20 km long and 2 km wide (Figure 2).
Undolomitized wells occur within short distances of
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Figure 4. Cross section of Trenton and Black River Groups at Glodes Corners Road Field, New York. Dolomitized
intervals are colored gray. The rest of the Trenton and Black River Groups are composed of limestone and shaly
limestone. Well labels include the operator (Columbia Natural Resources or CNR), the shortened APl number, lease

name and cumulative production as of the end of 2007.
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wells with (meters) of dolomite in the same strati-
graphic interval. All productive wells have at least
some porous dolomite in the upper half of the Black
River Group and almost all wells have dolomite in the
top 6 m. Dolomite thickness within the Black River
ranges from a few meters to tens of meters (a few to
hundreds of feet).

Figure 4 is a cross section of wells in and near the
Glodes Corners Road Field (the discovery field for the
New York trend). The field is about 10 km long and
0.7 km wide and has produced about 8 BCF. Within
the Black River, the cross-section includes several
dolomitized producing wells, two tight dolomite wells
and a tight limestone well. Dolomite is picked using
the PEF curve or where that is absent, in zones where
the density log reads greater than 2.75 g/cc or where
the density log (on a limestone scale) reads about 5%
less porosity than the neutron log. When the Black
River is productive, it is almost always dolomitized in
the uppermost 15 meters (50 feet) under the argilla-
ceous limestones at the base of the Trenton (Figure 4).

The thickening and thinning and laterally discontinu-
ous nature of the dolomite suggests that the source of
the dolomitizing fluids was highly localized.

Figure 5 is a cross section of some of the better wells
in some of the major producing fields. The cross
section trends from Glodes Corners Road in the
northwest to Seeley Creek Field in the southeast. In
many cases, once gas was discovered, operators would
stop drilling and hook the wells up, so some logs do
not go all the way through the Black River. Note the
variable dolomitization from just a few meters in
Glodes Corners Road and Muck Farms to near perva-
sive dolomitization in the Lant #1 (Terry Hill South
Field) and Parker #1 (Wilson Hollow Field) to the
more interbedded dolomitization in several other
wells. This variability in dolomitization demonstrates
again that the dolomitization was not regional but
highly localized. The porosity distribution also varies
from well to well, but the zone that is most consis-
tently porous is in the top 15 m (50 feet) of the Black
River.
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Figure 5. Cross section of Trenton and Black River Groups from NW to SE through eight of the producing fields in
the trend. Note variable dolomitization and porosity development. Well labels include Field name, operator, short-
ened API number, lease name and production as of December 2007. The wells have produced for varying amounts

of time and all continue to produce.
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Seismic data

Trenton-Black River hydrothermal dolomite reser-
voirs are primarily discovered using seismic data. The
dolomitized zones occur primarily in and around fault-
bounded structural lows (Prouty, 1983; Hurley and
Budros, 1990; Davies, 2004). These features are
commonly called “grabens” or “sags.” Figure 6 is a
time structure contour map of the top of the Trenton
from a producing hydrothermal dolomite oil field in
Ontario that shows en echelon sags. Oil was produced
from fractured, vuggy dolomite located within the
structural lows and most of the Trenton and Black
River strata outside the sags are impermeable lime-
stone (Horvath et al, 2004). The en echelon sags are
interpreted to be negative flower structures formed as
a result of transtensional (strike-slip with extensional
component) faulting (c.f. Hurley and Budros, 1990).

Figures 7 and 8 show the seismic signature of several
different productive Black River hydrothermal dolo-
mite fields in New York. Figure 7 shows Muck Farms
Field (Figures 7A, B and C) and Wilson Hollow Field
(Figures 7D, E and F). The dolomite occurs in the
Black River, typically within the structural lows. The
fault picks in the basement (Figures 7B and 7E) are
equivocal, but reflectors are demonstrably offset and
faulted. Most of the vertical offset of the seismic
traces occurs within the Black River with little offset
in the overlying Trenton or underlying Beekmantown.

Most of the faults with associated dolomitization die
out in the Trenton or overlying Utica Shale. Also note
on the Wilson Hollow line that much of the structural
sag affecting the lower Trenton and Black River is
filled in by earliest Utica time (Figure 7E).

Figure 8 shows the seismic line across three different
productive Black River hydrothermal dolomite fields
in New York (seismic data courtesy of Talisman
Energy). The dolomite occurs in the Black River,
typically within the structural lows. Typical of some
negative flower structures, reflectors immediately
overlying the basement are not as obviously offset
vertically by the faults while those higher in the
section have clear vertical displacement (see cross
sections in Dooley and McClay, 1997 for examples of
how these might form). Interpretations in 2D are
equivocal; the interpretations in Figures 7 and 8 are
almost certainly wrong to some degree, but the fea-
tures are almost certainly linked to some sort of
basement-rooted strike-slip faults. Most of the vertical
offset of the seismic traces occurs within the Black
River with little offset in the overlying Trenton or
underlying Beekmantown. Most of the faults with
associated dolomitization die out in the Trenton or
overlying Utica Shale and the sags are filled in by the
Trenton and Utica sediments, which constrain the
timing of faulting to Trenton and Utica time. Note that
in both Figures 7 and 8 there is no evidence for
collapse into the underlying

Dolomitization, porosity and

hydrocarbons occur in
en echelon sags

! i 360,000

I } Beekmantown.

1A

Cores

There are three publicly available
cores from the Black River

° l | hydrothermal dolomite play in

NOOOLZY

New York. Each of them has

features that are important to

.|| understanding the play’s sedimen-
'| tology, stratigraphy and diagene-

: sis. The locations of the cores are

- s 1) presented in Figure 2.

Rock types and stratigraphy
/ The Black River Group carbon-
ates were deposited on a shallow
low-relief tropical carbonate
ramp. Rock types include mud-

\1 04l zy

stone (sometimes with fenestrae
and clay drapes), fine-to coarse-
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Figure 6. Time-structure map of the top of the Trenton Group, Rochester
Field, Ontario based on 3D seismic data (courtesy Talisman Energy). Note en
echelon sags where dolomitization, porosity and oil occur. Color bar scale is in
meters below sea level. See Figure 1 for location of Rochester Field.
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grained skeletal wackestone, and
very fine-to-fine peloidal pack-

stone and grainstone (see Cornell
and Brett, 2000 for more detailed
facies analysis). All of these rock
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Muck Farms

Utica Shale

types can be dolomitized, but dolomitization of the
peloidal grainstones and packstones may be more
common. The clay drapes superficially resemble
stylolites but are unrelated to pressure solution.
Burrowing is common in most rock types. The Black
River Group carbonates are remarkably consistent in
rock type across much of eastern North America.
None of these rock types is a reservoir facies in the
absence of dolomitization.

The Trenton has grainstones and packstones that are
coarser and more fossiliferous than those in the
underlying Black River and also has common dark
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Figure 7.
Seismic lines
from Muck Farm
and Wilson
Hollow Fields,
New York. A)
Uninterpreted
line over Muck
Farm Field.

B) Formation
picks and
possible faults
in basement.
Note sag at top
of Trenton and
lack of sag in
Beekmantown.
C) Interpreted
flower structure
with faults
bounding
structural sag.
D) Uninterpreted
line over Wilson
Hollow Field.

E) Formation
and possible
basement fault
picks. Note that
sag is accom-
modated in
Trenton and
lower Utica.

F) Possible
basement-
rooted flower
structure with
faults bounding
sag in Trenton
and Black River.

3;'-

gray to black shale (Brett and Baird, 2002). Deeper
water rock types include black or dark gray shale,
fossiliferous shale and skeletal wackestone. Shallower
water facies occur in some locations and they include
coarse-grained skeletal grainstone and packstone.

Matrix dolomite description

The reservoir rock types in the Trenton-Black River
are hosted in laterally discontinuous dolomites. There
is both matrix dolomitization and void filling saddle
dolomite. Analysis of stained, impregnated thin
sections from the cores shows that more than 95% of
the dolomite is medium to coarse (50-400 micron)



Trenton
~—g— Black River

& Beekmantown

< Rose Run Sst

— Trenton
<¢— Black River

<& Beekmantown

¢ Rose Run Sst

Equivocal
Interpretations

Figure 8. Seismic line over three producing fields in New York (courtesy of Talisman Energy). A) Uninterpreted line.
B) Same line with possible interpreted fault scenarios.
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matrix-replacive dolomite. The matrix dolomite has
little or no porosity in the cores studied from New
York. Matrix porosity may occur in other wells, but
was not present in the cores studied. This lack of
matrix porosity is in contrast to Trenton-Black River
dolomitized reservoirs in Ontario and Ohio where
matrix porosity is more common and makes up a
significant part of the reservoir (Wickstrom et al.,
1992; Colquhoun, 1991).

Much of the matrix dolomitization is fabric-
destructive, anhedral and nonplanar (sensu Sibley and
Gregg, 1986). Finer dolomites are here interpreted to
have been mudstones and
mud-dominated wack-
estones and the coarser
dolomites are interpreted
to have been peloidal or
pelletal grainstones and
packstones (c.f. Lucia,
1995).

Even though this play has
significant structural and
diagenetic aspects, strati-
graphy is still important.
Strata with higher poros-
ity and permeability
remaining at the time of
dolomitization were
probably more likely to
have been dolomitized
and to have had some
porosity preserved after
dolomitization. As more
core data are collected, a
major emphasis will be
placed on learning what
each of the dolomitized
rock types were prior to
dolomitization and what
the impact of original
facies is on reservoir

quality.

Reservoir facies
description

Most of the open pores in
the Black River dolomites
occur in saddle dolomite-
lined fractures, vugs,
zebra fabrics, boxwork
fabrics and between clasts
in breccias (Figures 9 and

spherical and several centimeters in diameter. Other
vugs are elongate (a few millimeters wide and several
centimeters long) and may be solution-enlarged
fractures. Some of these elongate vugs are horizontal
while others are inclined. Porous zebra fabrics and
boxwork fabrics are both present (Figure 10). Breccias
are common but not abundant and consist of millime-
ter-to centimeter-scale angular to corroded clasts
cemented with saddle dolomite.

The Matejka #1 core (Figure 888) is in Chemung
County (Figure 2) and was drilled in 1975, eleven
years before the first official discovery. It encountered

10). Some vugs are sub-
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Figure 9. Core photographs from Gray #1 well, Steuben County, NY. Gray matrix
dolomite with vugs lined with white saddle dolomite. Core is 9 cm (3.7 inches) wide.
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dolomite in the Black River and heavily fractured
limestone in the overlying Trenton Group. There is
some porosity in fractures in the basal Trenton lime-
stone that are mostly cemented with coarse calcite
cement (Figure 11A). The dolomite in the Black River
has no porosity (Figures 11B and 11C) and no open
vugs, fractures or breccias. Saddle dolomite and
calcite plug fractures within the dolomitized interval.
The well was plugged as a dry hole, but it is located
within a few hundred meters of a producing dolo-

25¢cm

Figure 10. Core photographs from Whiteman #1 well, Chemung County, NY. This core
has common fractures, vugs, zebra fabrics (ZF), boxwork fabric (BF) and an overall
brecciated appearance. White saddle dolomite lines vugs and fractures in gray matrix

dolomite. Core is 5 cm (2 inches) wide.

Advances in Hypogene Karst Studies

mitized well and may well have produced from the
fractures in the basal Trenton limestone.

The Gray #1 core (Figure 9) was drilled to the west of
Muck Farm Field and did not produce economic
quantities of gas. The matrix in the upper half of the
core is dolomitized and the lower half is predomi-
nantly limestone. Saddle dolomite-lined vugs occur in
the dolomitized interval (Figure 9) but there are no
open fractures or breccias. This well tested a very
small amount of gas but not enough to justify facility
costs and may be
sidetracked.

The Whiteman #1 core
(Figure 10) is perva-
sively dolomitized and
has common saddle
dolomite-lined vugs,
zebra fabrics, breccias
and fractures. Porosity
primarily occurs in
vugs and fractures, and
there is little or no
matrix porosity. The
well has produced
approximately 0.5 BCF
in three years as of the
end of 2004 and is still
producing today.

Figure 12 shows core
samples from the Lima-
Indiana Trend in Ohio
and the Albion-Scipio
Trend in Michigan,
which are the two
largest oil fields in the
Trenton Black River
laterally discontinuous
dolomite play. They
show similar saddle
dolomite lined vugs and
breccias with saddle
dolomite cement.

Paragenetic
sequence

The paragenetic se-
quence of the Black
River dolomitized
reservoirs is presented
in Figure 13 and
supported with photo-
graphs in Figure 14.
Prior to dolomitization,
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Figure 11 (opposite page). Core description with logs and photos from Matejka # 1 well, Chemung County, New
York. Dolomitized intervals in core match with intervals where density log reads 5% less porosity than neutron log.
Color code for core description: grays are deeper water mudstone, wackestone and shale, dark blue is mid ramp
skeletal wackestone, light blue is shallow marine peloidal and skeletal grainstone (interpreted in dolomitized inter-
val), tan is shallow marine argillaceous mudstone and wackestone. (M = mudstone; W = wackestone; P = pack-
stone; G = grainstone) Photographs are lettered: A) Lower Trenton Group interbedded fossiliferous shale and mud-
stone is faulted and cemented with calcite. This sample is from 9787’ and has some porosity in the fracture. B) Up-
permost Black River dolomite with relict clay fills, minor fractures and tight, gray matrix dolomite. C) Dolomitized
conglomerate from upper Black River Group with calcite cemented fractures and no porosity. D) Typical Black River

Limestone from lower core is shallow marine mudstone with clay laminae.

some early marine and shallow burial calcite cementa- dolomite (Figure 14A), quartz (Figure 14B), rare

tion and compaction occurred along with some minor authigenic feldspar (Figure 14C), pyrite, bitumen and
grain suturing. This early diagenesis was followed by calcite precipitation (Figure 14D). In some cases, the
matrix dolomitization (Figure 14A), faulting, fractur- late calcite and/or saddle dolomite are leached by a
ing and brecciation (Figure 10), and then saddle later event (Figure 14E). Figure 14E shows bitumen in

Figure 12. Core Photographs from Trenton/Black River brecciated, vuggy
laterally discontinuous dolomite reservoirs in Bowling Green Fault Trend, NW
Ohio (A, B) and Albion-Scipio Field, S. Michigan (C,D — photos courtesy of
Mike Grammer).

a pore that apparently was precipi-
tated between dolomite rhombs
that were later leached. Major
stylolitization follows all minerali-
zation (Figure 14F). There are no
dolomite filled fractures that cut
across major stylolites and matrix
and saddle dolomite rhombs are
clearly consumed at stylolites. All
these are postdated by hydrocarbon
migration, which likely occurred in
the Late Paleozoic. The bitumen
found lining many pores and
fractures is not thought to repre-
sent a full-scale migration event.

The timing of the development of
the vugs is equivocal. It may be
that most vugs formed before the
matrix dolomitization (the pre-
ferred interpretation) during a
period of pre-dolomitization
leaching. Or it may be that they
formed after matrix dolomitization
but before saddle dolomite was
precipitated through matrix dolo-
mite dissolution. There is no
evidence of significant dolomite
dissolution such as corroded
rhombs lining the vugs. In some
cases, vugs appear to be enlarged
fractures (Figure 11), which would
make their development syn- or
post-fracturing.

Geochemistry and fluid inclusions
Geochemical and fluid inclusion
analysis of the dolomites helps to
understand their origin (Allan and
Wiggins, 1993). We have con-
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Figure 13. Paragenetic sequence of events in dolomitized cores from Black

River Group of New York.

ducted stable isotope, strontium isotope, trace element
of the saddle dolomite, blocky calcite, matrix dolomite
and matrix limestone and fluid inclusion analysis of
the saddle and matrix dolomite and blocky calcite.

Fluid inclusions

Primary fluid inclusions from the saddle dolomite in
the New York wells have homogenization tempera-
tures between 110 and 170° C with an average of 130°
C (Figure 14). Inclusions of an equivocal primary or
secondary origin from the matrix have a similar range
of homogenization temperatures with a higher average
of 145°C. Secondary fluid inclusions from the saddle
dolomites have homogenization temperatures up to
180°C with an average of 173°C. Matrix dolomites
have equivocal primary/secondary inclusions with
fluid inclusion homogenization temperatures that
range from 135-165°C with an average of 145°C. Post
-dolomite primary and secondary quartz fluid inclu-
sions have homogenization temperatures ranging from
155° to more than 200°C with an average of 177°C.
There were no petroleum inclusions found in any
mineral.

The salinities of the primary fluid inclusions in both
the saddle dolomite range from 13.2 to 15.5 wt % with
an average of approximately 14.4 wt %
(approximately four times normal seawater). The
salinity values of the equivocal inclusions in the
matrix dolomites are similar with an average of 14.9
wt%. The secondary fluid inclusions in the post-
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"0 values around —6.5%o. Due to
fractionation, dolomite that precipi-
tated from the same water at the
same temperature should have &'*0 values of around —
3.5 %o (Friedman and O’Neil, 1977). The matrix and
saddle dolomites in the Black River have §'*0O values
between —9 and —12.5 %o. Increased temperature and
mixing of fresh water both can drive 5'*0 values
toward more negative values. The salinity of the
primary fluid inclusions in the dolomites averages
four times greater than seawater, which eliminates
fresh water as a source of lighter (more negative) 8'0
values.

Increased temperature is then the likely source for the
depletion of 8'*0. The actual temperature of formation
cannot be determined without first plotting the §'*0
values vs. fluid inclusion homogenization tempera-
tures from the same samples and backing out the
oxygen isotope composition of the fluid. Figure 17
shows the 3'0 values and fluid inclusion homogeni-
zation temperatures for the matrix and saddle dolo-
mites in the Trenton-Black River in New York. The
homogenization temperatures from each sample were
averaged and plotted with 8'%0. It suggests that the
fluid was somewhere between 0 and +4 with an
average of +2 %o. Note that this is considerably
heavier (more positive) than the calculated composi-
tion of Late Ordovician seawater (around —6 %o based
on limestone values). If one assumes that the fluid
composition did not vary much from around +2 %o,
the temperature of formation can be estimated with
some degree of precision from stable isotope values
alone using the graph in Figure 16.



Figure 14. Thin section photographs from Black River Group, New York. A) Saddle (SD) and matrix (MD) dolomite.
Gray #1 core, 2,378 m. B) Quartz cement in fractured ferroan dolomite. Auburn geothermal well cuttings, Onondaga
County, NY, 1,265 m. C) Authigenic feldspar in vug. Whiteman #1 core, 2,904 m. D) Calcite-filled fracture clearly
postdates dolomite-filled fracture. Late calcite commonly plugs porosity in Black River reservoirs. Gray #1 core,
2,382 m. E) Bitumen distribution in vug suggests that dolomite may have been leached after bitumen was precipi-
tated. Whiteman #1 core, 2,906 m. F) Stylolite clearly postdates dolomitization. No dolomite grows across stylolites,
all rhombs are consumed at stylolites. Gray #1, core 2,378 m.
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Figure 15. Fluid inclusion homogenization tempera-
tures vs. salinity for samples from the Whiteman #1
and Gray #1 cores.

Trace elements

The trace element data show that the Trenton-Black
River dolomites are enriched in iron and manganese
relative to the limestones (Figure 18). The dolomites
are enriched in iron and manganese relative to those
that might have formed in normal seawater. The iron
content of the dolomites ranges from 1600 to 13,804
ppm and has a median value of ~4250 ppm. In con-
trast to the dolomites, the limestones from the same
cores have a median value of ~550 ppm Fe. The

200

Figure 16. Stable isotope values for samples from the
Whiteman #1, Gray #1 and Matejka #1 cores. Values
reported versus PeeDee Belemnite standard (PDB).

dolomites are also enriched in manganese and have a
median value of 880 ppm Mn while the median value
for the limestones is only 52 ppm. The relatively high
Mn and Fe values of the dolomites support a subsur-
face origin for the dolomites (c./* Montanez, 1994).

Strontium isotopes

Dolomites that formed from subsurface brines com-
monly (but not always) have *’Sr/**Sr ratios that are
higher (more radiogenic) than seawater for the time
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Figure 17. Average fluid inclusion homogenization
temperature vs. 520 for selected samples in Gray #1

and Whiteman #1 wells. Water values measured versus

standard mean ocean water (SMOW).
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Figure 18. Trace element composition of
limestones and dolomites in Gray #1 and
Whiteman #1 wells. Dolomites strongly enriched
in Mn and Fe relative to limestones.




that they formed (Allan and Wiggins, 1993). The
range of *'St/**Sr ratios of seawater for Trenton and
Black River time is between 0.7078 and 0.7085
(Burke et al., 1982). The strontium isotope values for
the dolomites in the Black River range from 0.7085
and 0.7092 for both the matrix and saddle dolomites
and are just above the range for this time interval.
While not strongly radiogenic (enriched in *’Sr), the
dolomites do plot above the range for seawater at the
time of deposition, which suggests that the fluid that
formed the dolomite passed through basement rocks
or immature feldspar-rich siliciclastics prior to pre-
cipitating the dolomite.

Summary of geochemistry

The geochemical and fluid inclusion data suggest that
the dolomites formed from a hot (110-200°C), saline
(3-6 times normal seawater), iron- and manganese-
rich, fluid that passed through basement rocks or
immature siliciclastics prior to making the dolomite.

Discussion

Hydrothermal diagenesis occurs when fluids are
introduced to a given formation at a temperature that
exceeds the ambient temperature of that formation
(sensu White, 1957; Davies and Smith, 2006). By this
definition, there is not a set temperature range at
which hydrothermal alteration occurs, the water
simply must be warmer than the ambient temperature
of the formation due to the local geothermal gradient.
For example, if a formation is buried to a depth where
the ambient temperature is 50°C and a fluid is intro-
duced that is 60°C, that fluid would here be called a
hydrothermal fluid. In the absence of local igneous
intrusions, the most likely way for a hydrothermal
fluid to be introduced to a formation is via rapid
upward fluid flow from greater depths through high-
permeability faults and fractures (Deming, 1992).
Lateral and vertical unfocused fluid flow through
porous and permeable formations, in the absence of
faults and fractures, is in most cases too slow to
generate hydrothermal conditions because fluids
equilibrate with the ambient temperature as they
migrate laterally through the formation (Deming,
1992).

Solubility of carbonates (and other minerals) is
directly affected by changes in temperature, pressure,
partial pressure of CO, (Pco2), pH, and salinity, and
all of these are fluctuating on short time scales in fault
-related hydrothermal systems (Rimstidt, 1997).
Subsurface fluids flowing rapidly up faults and
fractures can maintain most of their physical and
chemical attributes until they are introduced to the
formation where they are then capable of producing
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significant diagenesis in short periods of time.

Hydrothermal alteration is in this case thought to
occur when relatively high-pressure, high-temperature
fluids flow up active transtensional faults and laterally
into permeable formations that underlie sealing shales
or other low permeability strata. Mixing with in situ
fluids may also produce significant diagenetic altera-
tion. The main diagenetic features produced by the
hydrothermal fluids in this case are leaching and
dolomitization along with less abundant quartz,
bitumen and feldspar mineralization.

Timing and depth of burial during alteration
Hydrothermal fluid flow is thought to be most com-
mon while faults are active and much less common
during periods of tectonic quiescence (Sibson, 1990,
2000; Davies, 2001; Knipe, 1993; Muir Wood and
King, 1993; Davies and Smith, 2006). The timing of
hydrothermal alteration is closely linked to the timing
of fault movement.

Most of the faults that have associated dolomitization
in New York appear to have been active during
Trenton and Utica time (during the Late Ordovician
Taconic Orogeny) and largely inactive after that time
(Smith et al., 2003a, 2003b). On seismic data, most
dolomitized wrench faults in New York die out in the
Trenton and Utica and sags are commonly filled in
during Trenton or Utica time (see Figures 7 and 8).
This suggests that most of these faults were active
during the Taconic Orogeny but were not reactivated
during subsequent mountain building events.

During Trenton and Utica time, when most of the
faulting appears to have occurred, the Black River was
buried to depths of less than 350 meters (1100 feet) in
New York. If hydrothermal alteration occurred during
the period of active faulting, the Black River was
buried to depths of less than 350 meters when the
faulting, brecciation, vuggy porosity development and
dolomitization occurred.

Demonstration of a hydrothermal origin

As a first pass, if dolomitization is highly localized
and patchy, the patchiness can be linked to faults and
the geochemistry and fluid inclusions support a high-
temperature subsurface origin, the mineralization is
likely to be hydrothermal in origin. This is the case
with the Black River dolomites in New York. The
dolomite is patchy, occurs near faults visible on
seismic and has geochemical attributes that suggest a
hot, subsurface origin. This strongly suggests that
fluids flowed up the faults and precipitated dolomite.
The sags associated with the faults were filled during
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Trenton and Utica time when the Black River was
only buried to a depth of a few hundred meters. If
fluid flow up faults is most likely to occur when the
faults are active, as has been suggested by many who
study this process (Knipe, 1993; Sibson, 2000; Muir
Wood and King, 1993), dolomitization of the Black
River is likely to have occurred as a result of fault-
related hydrothermal fluid flow during the first few
hundred meters of burial.

The field relations between the faults and dolomitiza-
tion and the hot subsurface origin of the dolomite
strongly suggest a fault-controlled hydrothermal
origin that can be argued support a strong enough case
to approach these as hydrothermal dolomite reser-
voirs. Some workers require more rigorous proof
(Machel and Lonee, 2002), insisting that some dolo-
mites with the same characteristics might have formed
due to slow lateral or vertical flow within a deeply
buried formation.

A more rigorous method to demonstrate a hydrother-
mal origin for dolomite is to determine when dolo-
mitization occurred during the burial and thermal
history of the formation in question and compare that
to the fluid inclusion homogenization temperatures in
the dolomites (Davies, 2001; Machel and Lonee,
2002). If the homogenization tempera-
tures exceed the maximum tempera-
tures that the formation has ever been
exposed to during burial, or the known
depth and ambient burial temperature at
the time of dolomitization, the dolomite
or other minerals can be called un-
equivocally hydrothermal (Machel and

250+
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mites in New York are not hydrothermal in origin, just
that the formation was at some point in time buried to
a temperature that exceeded the temperature at which
the dolomites formed. If the dolomitization was
during early burial, when the ambient temperature was
still <100°C (which it appears to have been based on
the timing of fault movement and interpreted fluid
flow) the dolomite would still be considered to be
hydrothermal in origin.

Confirmation of hydrothermal origin for similar
Trenton-Black River dolomites comes from Ontario,
Michigan and northwest Ohio (Figure 19). In most
respects, the dolomitized horizons look the same with
matrix dolomitization, breccias, saddle dolomite,
fractures and vugs and the clear link to faults. At the
Hillman Field in Ontario, fluid inclusion homogeniza-
tion temperatures for the dolomites ranged from 100-
220°C (Coniglio et al., 1994), but CAI analysis in that
area suggests that the Trenton Group was never buried
more than a kilometer in that area (Colquhoun, 1991).
Using a geothermal gradient of 25-30°C/km and a
surface temperature of 20°C, the maximum burial
temperature was 45-50°C and the homogenization
temperatures in the dolomites exceed the maximum
ambient burial temperature by 50-170°C. A similar
scenario occurs in Michigan where fluid inclusion

pnidary

Lonee, 2002). 1504

Weary et al. (2001) showed that the
area where the dolomite fields are

This study

Coniglio
etal, 1994 Allan and

Wiggins, 1993 This study

located in New York has experienced
very high burial temperatures using
conodont alteration indices (CAI) from
the overlying Utica Shale. All of the
cores examined for this study are
located in the area where the CAI
values from the overlying Utica Shale

Temperature (C)

[ITTTTT]

are 4.5, which suggests that the Utica
was heated to between 187-354°C
(Hulver, 1997) or 150-300°C (Harris,
1979). Therefore, in this case, the Black
River was buried to a depth where the
temperature was equal to or greater
than the fluid inclusion homogenization
temperatures in the dolomites (Figure
19). This does not mean that the dolo-
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Figure 19. Fluid inclusion homogenization temperature vs. maximum
burial depth. Ohio CAl data from Rowan et al., 2004. Ontario fluid
inclusion data from Coniglio et al., 1994 and CAl data from Colquhoun,
1991. Michigan fluid inclusion data from Allan and Wiggins, 1993 and

CAl data from Repetski et al., 2004.
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homogenization temperatures from Trenton-Black
River dolomites at Albion-Scipio Field exceed the
maximum burial temperature by 40-90°C (using fluid
inclusion data from Allan and Wiggins (1993) and
CAI data from Repetski et al. (2004)). Fluid inclusion
homogenization temperatures from the Lima-Indiana
Trend in northwest Ohio for matrix and saddle dolo-
mites range from 100-160°C, but the Trenton was
never buried more than 800-1000 meters in this area
(Fluid inclusions analyzed for this report from core in
Bowling Green Fault Trend and CAI data from
Rowan et al., 2004). Therefore, the Trenton-Black

transtensional parts of strike-slip fault zones. Negative
flower structures can show an apparent volume loss
because strata are displaced laterally as well as verti-
cally (e.g., Dooley and McClay, 1997). It has been
convincingly demonstrated that many Trenton-Black
River Fields form in structural sags associated with
strike-slip faults and negative flower structures (e.g.,
Prouty, 1988; Hurley and Budros, 1990; Davies,
2001). This model can explain most or all of the sag
development in the Trenton-Black River reservoirs
(Figure 20).

Some part of the sags could have been produced by

River dolomites are hydro-
thermal beyond a reasonable
doubt in Ohio, Michigan and
Ontario.

The dolomites from the
fields in Ohio, Michigan and
Ontario are virtually identi-
cal to those found in New
York in appearance, associa-
tion with wrench faults and
geochemical attributes. It is
unlikely that they would
have formed by a different
process. Further evidence of
relatively early alteration
comes from the salinity data.
All reservoirs in New York
below the halite in the
Silurian Salina Formation
have salinities near 300,000
ppm or 30 wt% (Matsumoto
et al., 1992). The fluid
inclusions in the Black River
dolomites have salinities of
approximately 15 wt%. If
they had formed after the
Silurian halite, the fluid
inclusions in the dolomites
would probably have much
higher salinity values.

Origin of sags

The structural sags could
form as a result of the
combination of the develop-
ment of negative flower
structures, dissolution of
limestone or dolomite and/or
the volume reduction associ-
ated with the dolomitization
of limestone. Negative
flower structures form in

A) Simplified Strike-Slip Fault Trend (Map View)

\ \
i Zone of transtension
\kﬁ

Site of brecciation and hydrothermal fluid flow

Schemative Development of En Echelon Sags (Map View)
i ’ ’ Strike-sli
I Tﬁ
Iealotentations & Pre-existing fault aligned between ideal strike-slip
"siGR and extensional orientation relative to g4

Right-lateral transtensional fault movement

—_— (strike-slip plus minor extension)

Conduit for hydrothermal <
fluid flow =

As fault moves, synthetic (Reidel)
Shear faults form

.
Sy
W

Negative flower structures (sags)
form over synthetic shear faults
(site of brecciation and mineralization)

Site of brecciation and
hydrothermal fluid flow

Figure 20. Transtensional faulting scenarios. A) Right lateral strike-slip fault has
transtensional segment at dilational jog. Brecciation and hydrothermal fluid flow
most likely at dilational jog. B) Possible evolution of en echelon sags such as those
found in Rochester Field (Figure 7) and other Trenton Black River laterally discon-
tinuous dolomite fields. Pre-existing fault is oriented between ideal strike-slip and
extensional orientations to a compressive stress. This orientation leads to transten-
sional movement and the development of synthetic Riedel shear faults that trend
even closer to the ideal extensional orientation. Because of this orientation, tran-
stensional negative flower structures form over each shear fault making sags visible
on seismic and creating space where brecciation and hydrothermal fluid flow occur.
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dissolution or by volume reduction during dolomitiza-
tion. The occurrence of vuggy porosity in most or all
Trenton-Black River hydrothermal dolomite fields
shows that there has been significant dissolution of
limestone, dolomite or both during hydrothermal
diagenesis. If the dissolved carbonate was carried
away by fluids exiting the altered zone, or was pre-
cipitated in tight matrix dolomite and limestone
outside of the sag, it is possible that some volume loss
may have occurred due to dissolution. The presence of
significant vuggy porosity shows that dissolution has
occurred but its impact on sag development is difficult
to assess.

Mole-for mole replacement of limestone with dolo-
mite results in a volume loss of 12-13% because
dolomite molecules are smaller than calcite molecules
(Weyl, 1960). This would have a minor impact on sag
development, if any. In many wells, only 10 meters
(33 feet) of section are dolomitized, but they still
occur in sags visible on seismic. If 10 meters of
dolomite were left after dolomitization of 11.3 meters
of limestone, this minor volume loss (1.3 meters)
would not be detectable on a seismic line.

There is no evidence that the Black River has col-
lapsed into underlying caves in the Beekmantown as
was suggested by Loucks (2003a, 2003b). This model
is not supported by the seismic (Figures 7 and 8) and
can be discarded based on field relations in Ontario
where the Black River Group carbonates directly
overlie Cambrian siliciclastics which sit directly on
the basement and the Beekmantown and equivalents
are absent. If there is no Beekmantown present, there
can be no caves in the Beekmantown in which the
overlying Black River might collapse. The sags,
breccias and mineralization in the Trenton and Black
River in Ontario (such as Rochester Field — Figure 7)
are virtually identical to those in New York, Michigan
and Ohio (Colquhoun, 1991; Coniglio et al., 1996;
Bonnar, 2001). Furthermore, there is only minor offset
on the top of the Beekmantown underlying many of
the sags in the Black River play in New York (see
Figures 7 and 8).

Fault style

The en echelon sags in Figure 6 are interpreted to
have formed as a result of transtensional faulting or
oblique divergent slip (Smith and Nyahay, 2005) as
initially proposed by Harding (1974) for similar en
echelon sags at Albion-Scipio Field. The main compo-
nent of fault movement is thought to be strike-slip, but
with a very important extensional component (Figure
20). The individual sags are thought to be negative
flower structures that formed over synthetic shear
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faults that tie back to a master transtensional fault at
depth (Figure 20). The extensional component would
tend to open the synthetic fractures and make them
conduits for upward flowing hydrothermal fluids
(Harding , 1974). This might occur at a dilational jog
on a longer strike-slip fault (Figure 20A) or on a pre-
existing fault that is reactivated in a transtensional
sense rather than pure strike-slip because it is slightly
misaligned toward the extensional orientation with
respect to the principle compressive stress (Figure
20B).

It appears that there are many variations on this theme
in the Trenton Black River Play. There may be both
right-lateral and left-lateral fault movement (Smith et
al., 2003) on different faults and in different parts of
the basin associated with the same tectonic event.
Fault intersections are common locations for sag
development and hydrothermal alteration because they
commonly set up quadrants of transtension and
transpression. Again, zones of transtension are the
most likely to be affected by hydrothermal fluid flow.

Hydrothermal dolomitization appears to primarily
occur around basement-rooted faults and is rare or
absent around faults that die out within the sedimen-
tary column. Strike-slip faults may extend far down
into the basement and long strike-slip faults may even
extend to the brittle-ductile transition. If fluids flow
deep down into the basement before they flow back up
to the zone of alteration this could produce some of
the high temperatures found in the fluid inclusion
data. The basement might also be a source of some
elements such as magnesium or metals found in
genetically related Mississippi Valley Type ore
deposits (Davies and Smith, 2006).

Fault-related hydrothermal alteration model
This model for the hydrothermal alteration of the
Black River Group carbonates in New York is specu-
lative, but is supported by all of the known facts at
this time (Figure 21). Black River Group carbonates
were deposited on a relatively stable craton (Figure
21A). Major collision between North America and
Volcanic Island Arc begins during earliest Trenton
time and continues through the Late Ordovician and
into the Silurian (Ettensohn and Brett, 2002). This
collision led to reactivation of appropriately oriented
older faults or activation of new faults. Near the thrust
front, thrust loading led to normal faulting oriented
subparallel to the orogenic belt (Bradley and Kidd,
1991). In the more distal parts of the craton, strike-slip
faulting is initiated along faults oriented at an angle of
between roughly 10° and 45° to the principal com-
pressive stress. Faults or segments of faults that are
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Figure 21. Schematic fault-related hydrothermal alteration model for Black River Group dolomite reservoirs, New
York. This view would be one of the negative flower structures shown in map view in Figure 20B.

oriented closer to parallel to the principal compressive
stress (closer to 10°) will have a greater extensional
component leading to more intense alteration.

High-pressure, high-temperature fluids flowed up
active basement-rooted strike-slip and transtensional
faults (particularly in dilational parts of fault zones)
during the time of Trenton and Utica deposition, hit
low permeability beds at the base of the Trenton and
flowed out laterally into the more permeable lime-
stones of the Black River. Each time the faults moved
there may have been another pulse of high-rate fluid
flow. Cooling, possibly acidic hydrothermal fluids
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leached the limestone and produced vugs in a migrat-
ing front moving away from the fault zone (Figure
21B). As permeability was enhanced by fracturing and
leaching, hotter fluids were able to migrate farther
from fault zone (Figure 21C). These fluids may have
directly precipitated dolomite or may have mixed with
in situ modified seawater to precipitate dolomite. This
dolomitization first produced a halo of matrix dolo-
mite, particularly on the downthrown sides of faults in
negative flower structures. Because the fluids flowed
up from greater depths where pressures are higher, the
elevated pressure of the fluids may have led to hydro-
fracturing (sensu Phillips, 1972), enlargement of
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existing fractures and further brecciation. Some
dissolution vugs may have formed prior to and during
matrix dolomitization. Matrix dolomitization was
followed by further fracturing, brecciation and vug
development as tectonic activity continued (Figure
21D). Fractures and vugs were lined or filled with
saddle dolomite soon after their formation.

As time passed, fluids evolved and precipitated a
range of other minerals including quartz, bitumen,
sulfides and calcite. Bitumen may have formed when
kerogen within the altered formation and near the
faults was heated by the hydrothermal fluids and small
quantities of oil formed that coated some pores and
fractures (“forced maturation” of Davies, 2001). If the
faulting was over by Late Ordovician or Early Silurian
time (as it appears to be on many seismic lines), that
would make most of the diagenesis Late Ordovician to
Early Silurian in age. If the faulting continued or
faults were reactivated during the Devonian Acadian
or Pennsylvanian Alleghenian Orogenies, some of the
later stages of mineralization may have occurred
during those times. Some calcite cementation may
have occurred during later pressure solution of the
adjacent limestones under normal burial conditions.

Hypogene karst

Variations on the fault-related hydrothermal alteration
model presented here could be the origin of many
mineralized breccias and other diagenetic features
from around the world. Many carbonate-hosted
Mississippi Valley Type ore deposits are likely to
have formed due to transtensional faulting and upward
hydrothermal fluid flow (Davies and Smith, 2006). In
some carbonate reservoirs, the main impact of fault-
related fluid flow is dissolution of limestone and the
formation of microporosity. Dissolution might occur
due to cooling of hydrothermal fluids, the introduction
of acidic fluids sourced from deeper in the sedimen-
tary column or the basement or from mixing of fault-
sourced hydrothermal fluids with in situ fluids
(Dublyansky, 2000)

Calcite has retrograde solubility and cooling hydro-
thermal fluids should become progressively under-
saturated. If they are introduced to the formation at
100°C and cool slowly to 40° or 50°C as they move
out away from the fault the fluids should continue to
dissolve carbonate until they equilibrate with ambient
burial temperature. CO, also has retrograde solubility
so cooling fluids can hold progressively more CO,. If
CO, gas is present in the hydrothermal fluid, it could
go into solution as the fluid cools forming carbonic
acid, causing the pH to decrease and increasing the
capacity for dissolution of carbonate.
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The pH of formation waters generally decreases with
depth in many sedimentary basins (see Hanor, 1994).
Fluids flowing up faults in basins where this is the
case should be more acidic than in situ fluids and
could dissolve carbonate. The presence of H,S in
upward flowing fluids could lead to significant disso-
lution if it is oxidized to form sulfuric acid (Palmer,
1991; Hill, 1995; Dublyansky, 2000). Mixing of
hydrothermal fluids with in situ modified seawater
could also lead to an undersaturated fluid capable of
dissolution of limestone (Salas et al., 2007).

The dissolution caused by cooling, lower pH fluids
and fluid mixing could create vuggy porosity and
breccia development that could be called hypogene
karst. Brecciation and the development of vuggy
porosity is likely to be more common where the host
rock has relatively low permeability and diagenesis
and fracturing are intensified around the fault zone.
When higher permeability strata are altered, fluids
might flow farther from the fault and enhance matrix
porosity but cause less intense brecciation and less
vuggy porosity near the faults.

The same fluid might precipitate high-temperature
minerals such as dolomite, sulfides, sulfates, quartz
and more near the fault as the pressure of the fluid
drops and then starts dissolving the carbonate host
rock as it moves away from the fault and cools. Any
breccias where the matrix is primarily composed of
high-temperature minerals or that are localized around
faults should be considered candidates for fault-
related hydrothermal or hypogene diagenesis. Many
breccias previously interpreted to be of a meteoric
karst origin may in fact have formed entirely in the
subsurface or been significantly overprinted by fault-
related hydrothermal processes.

Exploration model

Hydrothermal dolomite (and associated leached
limestone) reservoirs represent one of the most signifi-
cant remaining resources in North America and other
mature regions of the world. These reservoirs are
likely to have been bypassed in many cases because of
their common occurrence in structural lows, which are
unlikely to have been drilled during earlier exploration
phases. The exploration model for Trenton and Black
River hydrothermal dolomite reservoirs is to look for
subtle basement-rooted wrench faults and negative
flower structures that cut the regional limestone with
evidence for movement in the first kilometer of burial.
Faults with relatively minor offset that do not extend
far above the target formation are typically the best
candidates because the faults have not breached the
seal for the hydrothermal fluids or the hydrocarbons.



Most documented hydrothermal dolomite reservoirs
occur in regional limestones, but that does not mean
that hydrothermal alteration is restricted to this sce-
nario. The effects of the hydrothermal alteration may
be less obvious where entire formations are dolo-
mitized regionally, but saddle dolomite cemented
breccias, fractures and vugs and sulfide ore deposits
are very common in regional dolomites and in most
cases are probably fault-related hydrothermal in origin
(Smith, 2004a). Hydrothermal leached limestone
reservoirs may be as common or more common than
hydrothermal dolomite. Although leached limestone is
not a common component of the Trenton-Black River
Play, it does occur in many other settings and similar
exploration strategies may lead to success in leached
limestone plays as well (Davies and Smith, 2006;
Wierzbicki et al., 2006).

Conclusions

1. Newly discovered natural gas reservoirs in the
Black River Group carbonates of New York
occur in laterally discontinuous, linear, fractured,
vuggy dolomite bodies that occur in structural
lows associated with wrench faults.

2. Both matrix and saddle dolomite formed from hot
(110-170°C), saline (14.5 wt.%), Fe- and Mn-rich
brines with radiogenic strontium isotope values.
All of these support a subsurface origin for the
dolomite.

3. In Ohio and Michigan, fluid inclusions from
similar fault-related dolomitized bodies in the
Trenton and Black River have homogenization
temperatures that exceed the maximum ambient
burial temperature by 40-120°C. That makes the
dolomite there unequivocally hydrothermal in
origin. In New York, the Black River was buried
to a temperature equal to or greater than the
homogenization temperatures in the dolomites so
the origin of the dolomite is equivocal in that
sense. However, the New York dolomites are
similar in their link to wrench faults, appearance
and geochemical attributes to those in Ohio and
Michigan and are here interpreted to have formed
in the same way and at roughly the same time.

4. The dolomite, vugs, breccias and fractures are
interpreted to have formed when high-pressure
high-temperature fluids flowed up dilational
portions of strike-slip faults when the faults were
active, hit a seal at the base of the Trenton and
flowed laterally, altering the formation. Vugs
formed when limestone was leached by a front of
cooling hydrothermal fluids, and dolomitization
and other mineralization followed soon after-
ward. Alteration is thought to have occurred
during the Late Ordovician Taconic Orogeny
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when the formation was buried to a depth of less
than 500 meters.

5. Because these reservoirs occur in structural lows,
they have been bypassed for many years. More of
these reservoirs (and associated leached lime-
stone reservoirs) can and will be found in the
Trenton and Black River groups and in carbon-
ates around the world using the appropriate
integrated structural-stratigraphic diagenetic
model.

6. A fault-related hydrothermal or hypogene origin
should be considered for any breccia that is
cemented with minerals precipitated from high-
temperature fluids.
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