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Defined in the most general way, hypogene speleogenesis is the origin of caves in which the
cave-forming agency comes from depth, in contrast to epigene (hypergene) speleogenesis in
which the cave-forming agency (meteoric recharge and its inherent or soil-derived aggressi-
veness) originates at the surface. A more specific definition should rely on attributes of the
cave-forming agency which are most suitable and efficient for discrimination between epigene
and hypogene origin of caves. Relying on the determination of a source of the aggressiveness
in distinguishing hypogene speleogenesis is the legitimate approach (usually referred to as
geochemical) but it is not a methodologically sound and practically efficient one. The hydro-
geological approach and the reference to upwelling groundwater circulation in the definition of
hypogene speleogenesis provide a theoretically and methodologically sound basis not only for
its identifying, but also for spatial and temporal prognosis.
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FAPOTEOAOTIHYHMM MIAXIA
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Joxmop eeonociunux Hayk, npogiOHUll HAYKOGUIU CNI8POOIMHUK BI00iTY 2Ii0P02eon0iUHUX
npobnem.

Y HanbinbL 3arasbHOMY BUISAI MiNOreHHNI cneneoreHes BU3HaA4YaeTbCs 9K GOPMYBaHHS Kap-
CTOBUX MOPOXKHWH i, BNIMBOM areHTiB, L0 NOX0AATh 3 IMMOUHN, Ha BiAMIHY Big, enireHHoro cne-
JNleoreHesy, B 9KOMY NOPOXHUHODOPMYIOHi areHTU (MeTEOPHE XUBJIEHHSA Ta arPeCUBHICTb BOA)
NOXOAATb 3 MOBEPXHi. BisibLL KOHKPETHE BU3HAYEHHS MOBUHHE I'PYHTYBATUCS HA O3HAKaXx areHTiB
i MExaHi3MiB NOPOXXHMHOMOPMYBaAHHS, L0 [O3BONAOTh HANBINbLL HYiTKO PO3PISHATY enireHHe Ta
rinoreHHe NoxXoMKeHHs NOPOXHUH. BkasiBka Ha «HeENoBepxHeBe» NOXOOKEHHS oxepena arpe-
CMBHOCTI B TaKOMY PO3PI3HEHHI (FreOXIMIYHWI NiAXiA) € NPaBOMIPHUM, ane METOOMYHO i NPaKTUYHO
HeedeKTUBHMM NigxoaoMm. MNgporeonoriyHui nigxig i 3aCTocyBaHHS KPUTEPItO BUCXiOHOIo BOAO-
OOMIiHY Yy BM3HA4Y€HHIi riNOreHHoro crnefieoreHesy CknagalTb TEOPETUYHO | MEeTOA0NOrNYHO
0b6rpyHTOBaHY OCHOBY HE TiflbkM ANs MOro ineHTudikadji, a 1 Ansg NpocTOPOBO-4aCOBOro Npo-
FHO3YBaHHS.
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Joxmop zeonocuueckux Hayx, 8e0yWull HAYYHLIL COMPYOHUK OMOerd 2UOpPO2e0ioUdecKux
npoonem.

B camoMm 06LL1eM BUOE rMnoreHHbIN CreneoreHes onpeaenserTca kak GopMmnpoBaHme KapCTOBbIX
MoJSIOCTEN MO, BO3AENCTBUEM areHTOB, NMPOUCXOOALMNX U3 MYOVHbI, B OTAINHYUE OT SMUFEHHOro
cnesieoreHesa, B KOTOPOM MonocTedopMUPYIoLLIME areHTbl (MeTeopHoe NuTaHue U arpeccus-
HOCTb BOJ,) MPOUCXOOAT C MOBEPXHOCTU. Bonee KOHKpPETHOe onpeaeneHne JOKHO OCHOBbI-
BaTbCS Ha NPU3HAKax areHTOB Y MEXaHN3MOB MoJIoCTe00pa30BaHns, No3BONALLMX Hanbonee
4eTKO PasnnyaTh ANMUreHHOE U MTMMOreHHOE MPOUCXOXOEHNE MONOCTeN. YKasaHne Ha «<HernoBepx-
HOCTHOE» NMPOUCXOXAEHNE NCTOHYHNKA arPeCCUBHOCTU B TAKOM PasfiNieHnn (reOXMMNHYECKnin
NMoaxo[,) ABNSETCH NPaBOMEPHbIM, HO METOONHECKUN U NMPAKTUHECKN HE3DPEKTUBHBLIM MOOXOA0M.
MOporeonornieckuii Moaxom, U UCMosib30BaHMe KPUTEPUS BOCXOASALLLEro BOJ0OOMEHa B onpe-
OeneHun r’MnoreHHoro crneneoreHesa obpasyloT TEOPETUYECKM U MEeTO40N0rM4eck 060CHO-
BAHHYIO OCHOBY HE TOJIbKO AJIA ero uaeHTUdUKaumm, Ho 1 NPOCTPAHCTBEHHO-BPEMEHHOIO

MPOrHO3MPOBAHUS.

Knto4eBbie ¢/10Ba: rUnoreHHbIl KapceT, CreneoreHes, rmaporeosiorns kapera.

Introduction: Approaches

to define hypogene speleogenesis
Advancements in karst and cave science during
the past 20-30 years have led to the growing
recognition of the possibility, wide occurrence,
and practical importance, of conduit porosity
development in deep-seated conditions, with-
out direct influence of near-surface factors.
Hypogene speleogenesis has become one of
the hottest topics in karst and cave science,
and the subject draws the increasing attention
of other branches of geosciences, as well as of
practitioners, particularly in the mineral and
hydrocarbon resources exploration and in ge-
ological engineering.

However, there are some differences in
approaches on how to define hypogene
speleogenesis.A.N. Palmer [2000a] defined
hypogenic caves as those formed by water in
which the aggressiveness has been produced
at depth beneath the surface, independent
of surface or soil COz or other near surface
acid sources. This approach emphasizes the
source of aggressiveness, and it is termed here
“geochemical”.

With the “hydrogeological” approach, hypo-
gene speleogenesis is defined as the formation
of solution-enlarged permeability structures by
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water that recharges the cavernous zone from
below, driven by hydrostatic pressure or other
sources of energy, independent of recharge
from the overlying or immediately adjacent sur-
face [Ford, 2006; Klimchouk, 2007, 2013a].
This definition places an emphasis on the
groundwater circulation system (GCS). It di-
rectly indicates that hypogene speleogenesis
develops by upwelling flow, whereas the geo-
chemical definition does not require this.

Are these approaches contradictory? In my
opinion, they are not, although they impose
somewhat different perspectives on the sub-
ject. Because of this, they determine different
sets of speleogenetic environments and differ-
ent samples of caves to be considered of the
hypogene origin. This is a source of confusion
and uncertainty that needs to be eliminated.

The aggressiveness of upwelling flow, in
most cases, has been produced at depth, inde-
pendent of near surface processes, and this is
what constitutes the large common body of ob-
jects, outlined by both definitions. However, in
some cases groundwater can keep the original
undersaturation (and hence, aggressiveness)
from distant recharge areas while moving deep
underground along non-soluble aquifers in an
artesian system and then ascending in dis-
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charge areas through soluble rocks. In such
cases, it cannot be said that the aggressiveness
has been produced at depth, but the aggressive
water does enter the cave-forming zone from
below. This situation is especially common of
hypogene speleogenesis in evaporites. More-
over, dissolution of evaporates is “independent
of surface or soil COz or other near surface acid
sources,” as well as some other dissolution
mechanisms such as dissolution in mixed car-
bonate/sulfate strata (dedolomitization). In
other cases, the aggressiveness can be pro-
duced at depth as a result of mixing of two non-
aggressive waters of contrasting chemistries
along the interface while none of the waters is
upwelling. Examples are freshwater lenses over
saline water in homogenous eogenetic carbon-
ates in island flank-margin environments, or
downward infiltration water mixing with phreatic
water at the water table.

Based on the geochemical approach,
A.N. Palmer [Palmer, 2007] places the artesian
transverse cave development in evaporites into
the realm of epigene speleogenesis, whereas
cave development due to mixing along hydro-
chemical interfaces in unconfined aquifers is
placed into the hypogene category. Within the
hydrogeological approach advocated by the
present author, the classifying of speleogene-
sis in these respective environments is the op-
posite.

Moving and aggressive groundwater is the
principal cave-forming agency. Speleogenesis
(karstic) is a coupled mass-transfer / mass
transport process, which critically depends on
both, the aggressiveness of ground-water and
its circulation (movement). This equally applies
to epigene and hypogene speleogenesis. De-
fined in the most general way, hypogene
speleogenesis is the origin of caves in which
the cave-forming agency comes from depth, in
contrast to epigene speleogenesis in which the
cave-forming agency (meteoric recharge and
its inherent or soil-derived aggressiveness) is
originated at the surface.

The question of a more specific definition
is not about which of the attributes of ground-
water, the aggressiveness or circulation, is
more important for speleogenesis. The em-
phasis on a GCS in the hydrogeological ap-
proach does not mean that the importance of
the aggressiveness (dissolution) is neglected,
as dissolution is inherently implied as the inte-
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gral part of the definitions of karst and speleo-
genesis (karstic). The question is about which
of these attributes is most suitable and efficient
to discriminate between epigene (hypergene)
and hypogene speleogenesis.

It should be remembered that a definition
of a natural phenomenon not only classifies a
set of respective objects by referring to their
most essential common attributes, but it also
determines to a large extent methodologies to
be implied to identify and study the phenome-
non. The latter aspect is particularly important
for hypogene speleogenesis, as in most cases
we deal with relict caves decoupled from the
cave-forming environments. The identification
of the cave origin relies on our ability to discern
characteristics of the cave-forming environ-
ments and processes from studying their
indirect indications, preserved after the envi-
ronments had changed and the original
processes ceased, and other processes came
to a play. It relies, therefore, on which of the at-
tributes of the cave-forming agency are re-
ferred to in a definition as the most essential,
and on how they are represented in our study
objects.

Aggressiveness

Aggressiveness is an attribute of groundwater
that corresponds to a chemical potential for
mobilization of a dissolved matter from the
rock. It results from disequilibrium in the water-
rock system that is created by the groundwater
circulation.

It has to be noted that it is the aggressive-
ness that is an attribute of moving groundwa-
ter, but not the opposite. This attribute is the
transitional one. It can originate and cease in
a given segment of the circulation system,
and migrate through the latter with changing
intensity and pattern of circulation. Also, the
nature of the aggressiveness can change dur-
ing the evolution of a GCS, and dissolution
can proceed through different chemical
mechanisms, which are much more varied in
hypogene speleogenesis that in the epigene
speleogenesis. For a given hypogene cave
system, different mechanisms may operate
either simultaneously or in a sequence, and it
is often difficult to impossible to discern which
of them has contributed most to speleogene-
sis. We normally have limited indications at
our disposal to judge about the dissolution
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mechanisms that operated in the formation of
now relict caves, or about where the aggres-
siveness has been produced at the time of
speleogenesis (although its origin at depth
below the cave-forming zone is commonly im-
plied). Mineralogical indications are useful but
they rarely tell us about characteristics of prin-
cipal stages of speleogenesis per se. Isotopic
and geochemical traces of water-rock inter-
actions in host rocks can be a strong evidence
of hypogene speleogenesis [Dublyansky et
al., 2014; Spoetl, Dublyansky, 2014], but they
are not always present or preserved.

Another fundamental question is whether
principal characteristics of caves (their pat-
terns, morphology, functioning, and distribu-
tion) are determined by differences in a source
of the aggressiveness. In other words, does
using a source of the aggressiveness as the
main criteria for defining types of speleogene-
sis give us a useful tool to discern genetically
meaningful sets of speleogenetic objects? The
answer is yes perhaps only for the epikarstic
porosity. It is apparently “no” for karstic poros-
ity that forms in phreatic conditions or in water
table settings.

The corollary from the above discussion is
that relying on the determination of a source of
the aggressiveness in distinguishing hypogene
speleogenesis is a legitimate approach, but
that it is not a methodologically sound and
practically efficient one.

Groundwater circulation

Circulation (movement) is an inherent attribute
of groundwater. Both the spatial distribution
and efficiency of dissolution are controlled by
intensity and a pattern (vector) of the ground-
water circulation. The above-mentioned major
characteristics of caves (particularly cave pat-
terns and morphology) are determined not
only by where the aggressiveness is produced
relative to the surface, but also (and primarily)
by how dissolution effects are distributed. The
latter is dictated largely by the hydrodynamic
characteristics of a GCS. Hence, itis the GCS
that has to be a primary consideration for
discrimination between the types of speleo-
genesis.

The primacy of the hydrogeological set-
tings of a karst aquifer in determining the cave
patterns has been demonstrated well by
A.N. Palmer [Palmer, 1991, 2000a]. The loca-
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tion and distribution of void-conduit systems
and characteristics of their patterns are deter-
mined by the overall pattern of GCS, the posi-
tion of soluble rocks within the GFS
framework, and the recharge and discharge
conditions. Hence, the differences in origin
and the development mechanisms of karstic
void-conduit systems (types of speleogene-
sis) are determined largely by hydrodynamic
peculiarities of GCS.

At the broadest scale, two types of GCS
are recognized according to hydrodynamics:
1) confined (to a varying degree) stratal and
fissure-vein systems, and 2) predominantly un-
confined near-surface systems. Accordingly,
two fundamental types of speleogenesis can
be distinguished: 1) hypogene speleogenesis
in confined systems, by upwelling circulation
across soluble rocks within flow systems driven
by external or internal recharge sources,
distant or separated by insoluble layers, and
2) epigene (hypergene) speleogenesis in hy-
draulically open settings by downward and lat-
eral circulation from overlying or immediately
adjacent recharge surfaces. The differencesin
hydrodynamics between the respective GCS
impose major distinctions in the mechanisms
of these types of speleogenesis [Klimchouk,
2013; Knumuyk, 2013].

Hydrodynamic control on speleogenesis

In unconfined near-surface settings, discharge
through conduits is controlled by two condi-
tions [Palmer, 1991]: 1) the hydraulic capacity
of conduits (hydraulic control) or, 2) the
amount of available recharge from the surface
(catchment control). During the early stages of
speleogenesis, the positive feedback between
discharge and the growth of initial conduits
causes their highly competitive and selective
development. With the accelerated growth of
conduits after breakthrough, they quickly reach
dimensions at which the fixed head condition
at the recharge boundary cannot be supported
any longer so that the initial hydraulic control
switches to the catchment control. Further de-
velopment of conduits is characterized by their
competition for the surface recharge, which de-
termines the further increasing selectiveness
in the process and close genetic relationship
between epigene speleogenesis and karst ge-
omorphogenesis. Hence, in epigene speleoge-
nesis the positive feedback between discharge
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and the growth of conduits strongly operates
not only during the early speleogenetic stages
[Palmer, 1991; Dreybrodt et al., 2005], but also
during the mature stage.

In confined and semi-confined settings,
where flow is directed transversely across lay-
ers and formations, both recharge and dis-
charge of conduits occurs through adjacent
insoluble beds (or segments in fissure-vein
systems) with a relatively conservative perme-
ability. Discharge in the whole GCS is con-
trolled by the least permeable elements in the
cross-section. Before the onset of speleogen-
esis, such elements are commonly repre-
sented by beds of soluble rocks, and discharge
through early conduits in them is controlled by
their hydraulic capacity. When transverse con-
duits reach the breakthrough condition, their
further growth does not accelerate dramati-
cally, as it occurs in epigene speleogenesis,
because the control over discharge switches to
the permeability of adjacent or more distant in-
soluble beds. The switch to the external con-
servative control over discharge in hypogene
speleogenesis subdues the positive feedback
loop and the speleogenetic competitiveness.
This difference in speleogenetic mechanisms
(epigene and hypogene) is one of the funda-
mental causes of distinctions in structure and
morphology between the respective void-con-
duit systems. Another fundamental cause is
the difference in the vector of groundwater cir-
culation, which is explored below.

Upwelling circulation

The hydrogeological definition of hypogene
speleogenesis directly relates it with the up-
welling groundwater circulation. Even in relict
systems, the past presence of the upwelling
circulation can be recognized in most cases
from the morphogenetic analysis of caves and
paleohydrogeological analysis. The locations,
in which upward flow is (or was) dominating,
are 1) mappable from hydrogeological data, at
least in basinal settings, and 2) predictable
from regional hydrogeological analysis (for ac-
tual GCS) and paleohydrogeological/paleoge-
odynamic analysis (for past GCS). Hence, the
reference to this attribute in the definition pro-
vides a methodologically feasible basis not
only for identifying the type of speleogenesis,
but also for spatial and temporal prognosis of
hypogene speleogenesis.
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The immanent link of hypogene speleoge-
nesis with upwelling flow is suggested by vast
empirical evidence and justified theoretically.
The upward circulation dominates in the lower
stories of the geohydrosphere because of the
presence of internal recharge sources, the ul-
timate openness of circulation systems at the
upper hydraulic boundary, and overall de-
crease of pressure toward the surface. During
the geostatic and endogenous stages of the
basin development the upwelling circulation
may encompass the most of the sedimentary
cover. The upward branch is also an important
component of the circulation in the upper part
of the geohydrosphere, in the domain of the
hydrostatic (meteoric) regime, where the
overall circulation is determined by the bal-
ance between the downward and upward
branches.

Modern hydrogeology acknowledges an
immense importance of the vertical hydraulic
communication (leakage) across low-perme-
ability layers separating aquifers in meteoric
GCS [LLecTonanos, 1981; Mjatiev, 1947; Han-
tush, Jacob, 1955; Toth, 1995]. Such commu-
nication in the meteoric regime is directed
downward beneath highlands and upward
below topographic depressions. The upward
flow below topographic depressions is traced
up to depths of 1-1.5 km, and it is generally
more intense and localized than the downward
flow beneath highlands at compatible depths
[LWecTonanos, 1981].

The most fundamental reason why hypo-
gene speleogenesis is linked with upward cir-
culation, but not with the downward circulation,
lays in the speleogenetic mechanism. As noted
above, the overall vertical permeability of the
heterogeneous successions is determined by
the least permeable intervals. In the areas of
upward circulation, initial speleogenesis in sol-
uble beds increases their permeability. This, in
turn, steepens the hydraulic gradient across
the upper insoluble confining unit and hence,
the overall discharge in the system (Fig. 1).
This re-activates the positive feedback loop
and stimulates further development of trans-
verse conduit. The gradient and discharge
further increase with continued erosional en-
trenchment into to the upper confining unit. In
contrast, in the areas of more diffuse down-
ward circulation, hydraulic resistance to flow in-
creases with depth. Moreover, possibilities for
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initial conditions

area area
of upward of downward
circulation circulation

onset of speleogenesis

area area
of upward of downward
circulation circulation

Fig. 1. A conceptual illustration of speleogenetic
potentials in the areas of upward and downward
circulation in a layered aquifer system:

i1 —vertical hydraulic gradient for the lower confined aqui-
fer; i2 — vertical hydraulic gradient (much steeper) for the
integrated aquifer system after onset of speleogenesis in
the separating bed
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internal discharge are limited. This prevents an
increase in the circulation intensity and inhibits
the mechanism of speleogenesis (Fig. 1). Sim-
ilar arguments can be used for vertical flow in
a cross-formational fracture-vein structure that
crosses rocks of variable lithologies including
soluble ones.

Another important peculiarity of confined
(semi-confined) hydrogeological environments
is their slow fluid dynamics as compared to un-
confined settings, which favors to the natural
convection circulation at the conduit (void)
scale. Effects of the buoyancy circulation are
commonly well expressed in cave morphology
[Klimchouk, 2007, 2009]. Dissolution effects
of the buoyancy circulation are linked, again,
with the upwelling limbs of convection cells but
not with the plunging ones.

Groundwater regimes

The overall circulation regime of a groundwater
system is determined by the nature and mag-
nitude of fluid pressure and by the degree of
hydrodynamic confinement of the GCS. Differ-
ent types of circulation regimes are distin-
guished in the literature.

In subsiding basins the dominant flow
drive in progressively buried strata is com-
paction due to the increasing load, which
causes expulsion of the pore waters from the
sediments. This is the geostatic regime, also
termed expulsion regime (in the Western liter-
ature), or elision or exfiltration regime (in the
East European literature). Flow in such
systems is directed upward, and on the re-
gional scale — from areas of greatest subsi-
dence to the margins of basins. The expulsion
GCS are unlikely to play a role in hypogene
speleogenesis.

With still deeper burial and further rise of
temperature and lithostatic load, the thermo-
baric regime develops in which the fluid pres-
sures are caused by the thermal expansion of
water or by the release of water by mineral de-
hydration in a low-permeability environment.
The compression regime can be generated by
a tectonic strain in the vicinity of collision and
uplift areas. In the East European literature
these two regimes are commonly combined
into the endogenous regime, which also in-
cludes localized intrusions of fluids into the
sedimentary cover from the lower crust and the
upper mantle. The upward migration of en-
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dogenous fluids is considered to be the main
cause for hydrogeochemical inversions and a
phenomenon of the column-like desalinization
observed in the lower parts of the sedimentary
cover in many basins [Exos, 1978; JlykuH,
2004]. The upward flow overwhelmingly domi-
nates in the endogenous regime. The endoge-
nous GCS, characterized by high temperatures
and pressures, are believed to be very potent
to support hypogene speleogenesis in a variety
of rocks [Dublyansky, 2000; Andreychouk et
al., 2009; Klimchouk, 2012].

The free convection regime may develop in
some settings, especially in the vicinity of hy-
drothermal anomalies and in strata comprising
evaporites, driven by density differences. The
upwelling limbs of convection GCS are capable
of supporting hypogene speleogenesis, espe-
cially in evaporites.

Following uplift and continental exposure,
the hydrostatic regime evolves, driven by to-
pography differences. It is also termed the
meteoric regime (in the Western literature)
and the infiltration regime (in the East Euro-
pean literature). With the continuing exposure
and geomorphic development, meteoric wa-
ters increasingly flush out the formation wa-
ters from basins so that the hydrostatic regime
substitutes the geostatic regime in the upper
part of the crust, although the latter may still
predominate in deep environments.

Interaction between groundwater
systems of different regimes

The meteoric regime is perched on ubiqui-
tously upwelling waters of the geostatic and
endogenous regime, commonly over pres-
sured (the fluid pressure exceeds the normal
hydrostatic one). Zones of interaction between
GCS of different regimes, either crosscutting
or lateral, are particularly favorable for hypo-
gene speleogenesis in carbonate rocks be-
cause mixing of waters differing in CO2 or H2S
content or salinity generates aggressiveness.
Hypogene speleogenesis is commonly a part
of mixed flow systems, where topography-dri-
ven flow interacts with the deeper compaction-
or density-driven regimes or rising flows of en-
dogenous waters. The nature and the geome-
try of the transition between the different
regimes are controlled by respective fluid po-
tentials and geological heterogeneities, espe-
cially sedimentary windows and conductive
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faults. The vertical boundaries may be blurred,
but they are more distinct when they coincide
with low-permeability strata of a regional ex-
tent. With the onset of uplift and denudation in
the course of geological evolution, the deeper
strata may migrate upward relative to these
boundaries, and the nature and geometry of
the transition adjusts to the structure of uplift-
ing strata and changing potentials of the inter-
acting regimes.

Hypogene speleogenesis

from the perspectives of regional
hydrogeological analysis

As noted above, the association with the up-
welling circulation suggests the possibility of
discerning regularities of development and dis-
tribution of hypogene speleogenesis from the
perspectives of the regional hydrogeological
analysis.

In basinal settings, the pattern of the me-
teoric circulation is controlled by a basin’s
geometry and relief, by geological in-
homogeneities that determine permeability
distribution, and by interaction with deeper
GCS of the geostatic and endogenous re-
gimes, which may pierce through the domain
of the hydrostatic regime. In mature artesian
basins of the cratonic type, settings favorable
for the upward flow and hypogene speleogen-
esis, are as follows [Knumuyk, 2013]:

1) marginal areas of discharge of ground-
waters of the 2nd hydrogeological story
(HG-story);

2) zones of topography-controlled upward
circulation within the internal basin area (at the
1st and, in places, at the 2nd HG-stories);

3) crests of anticlinal folds or uplifted tec-
tonic blocs within the internal basin area where
the upper regional aquitard is thinned or par-
tially breached;

4) linear-local zones of deep-rooted cross-
formational faults conducting upward flow
from internal deep sources across the upper
HG-stories.

Hydrodynamics in the 3rd and 4th HG-sto-
ries in the cratonic basins is dominated by the
upward circulation (geostatic or endogenous
regimes) strongly controlled by (localized
along) cross-formational tectonic structures.

Specific circulation patterns develop in
large Cenozoic carbonate platforms (the
Florida-type), side-open to the ocean, where
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upward flow across stratified sequences in the
coastal parts, driven by both topography-in-
duced head gradients and density gradients,
involves mixing with seawater. At deeper levels,
the seawater can be drawn into a platform
along permeable horizons and rise in the plat-
form interior due to geothermal heating (the
Kohout’s scheme), interacting with upper
freshwater aquifers.

In young basins where the geostatic regime
dominates, hypogene speleogenesis is fa-
vored at the marginal discharge areas where
circulation systems of different origins and
regimes may interact, for instance meteoric
systems circulating from the adjacent uplifted
massifs, basinal fluids expelled from the
basin’s interiors, and endogenous fluids rising
along deep-rooted faults.

The predictability of the distribution of
areas of the upwelling flow in tectonically de-
formed mountainous regions is significantly
lower than in cratonic basins because of the
complexity and variability of geological and
structural conditions, relief, and a geody-
namic history in such regions [Knumuyk,
2013]. Massifs in the folded regions are char-
acterized by dominance of fracture-vein
groundwater systems, although sequences
of the upper structural story often host stratal
aquifer systems. Upward flow and hypogene
speleogenesis in massifs are tightly con-
trolled by faults, especially by those at junc-
tions between large tectonic structures and
structural stories, and by the geodynamic
evolution. Specific and very favorable set-
tings for hypogene speleogenesis are found
in regions of young volcanism and hydrother-
mal activity.

Hypogene speleogenesis may also occur
in deep oceanic settings, especially in regions
associated with plate boundaries and hot
spots. An outstanding example is represented
by extensive fields of large-scale depressions
in the Mio-Pliocene carbonate blanket at depth
of 1500-2600 m in the volcanic Carnegie
Ridge, located within the Galapagos hotspot
in the Pacific Ocean, recently documented
by high-resolution multibeam bathymetry
[Michaud et al., 2005], although interpreted
there differently. The host carbonates do not
contain shallow facies and have never been
subaerially exposed, which excludes any epi-
gene karstification.
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The role of confinement

In discussing the origin of maze caves, many of
which are believed to form under artesian con-
ditions, A.N. Palmer [Palmer, 1991, 2000b] ar-
gued that slow groundwater flow near chemical
equilibrium, typical of truly confined aquifers,
is least likely to produce maze caves. He fur-
ther stressed that “True confinement by itself
does not produce maze caves, and any asso-
ciation between confined groundwater flow
and maze development is coincidental”
[Palmer, 2000b, p. 79]. The problem of the ori-
gin of maze caves is beyond the scope of this
paper; itis considered in details by A.N. Palmer
[Palmer, 1975, 1991, 2000a, 2000b, 2007,
2011] and A.B. Klimchouk [Klimchouk, 2000,
2007, 2009]. Here it is appropriate to clarify
some misconceptions about confinement, with
regard to hypogene speleogenesis.

J.E. Mylroie and J.R. Mylroie [Mylroie, Myl-
roie, 2009] provide a lengthy discussion on
whether confined flow is necessary to produce
hypogene caves. They argue that the morpho-
logical features believed to be characteristic of
hypogenic caves in the hydrogeological con-
notation of this term [Klimchouk, 2007, 2009]
are not solely the result of confined hypogenic
conditions, but also occur in eogenetic karst
aquifers, in environments that have never been
confined, and have never undergone burial or
been moved out of the influence of meteoric
diagenesis.

The present author agrees that true con-
finement by itself does not produce maze
caves. It has to be noted that the term ‘con-
fined aquifer’ is not used in modern hydroge-
ology in a sense of a true hydraulic isolation, so
that “true confinement” simply does not exist.
Although a certain degree of leakage was long
accepted to occur even through aquicludes, it
was during the last 40-50 years that the great
role of transverse hydraulic communication
across separating beds in basins has been fully
acknowledged. The “classical” artesian para-
digm, with its notions of confined flow through
largely isolated aquifers, was replaced with the
basin hydraulics paradigm, with its notions of a
multiple aquifer system and significant cross-
formational (across aquitards) communication
between aquifers. The adoption of this para-
digm to karst studies has eliminated the
ground for the above-mentioned concern and
opened a new perspective to the problem of
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speleogenesis in artesian settings [Klimchouk,
2000, 2007]. The above cited works show that
the association between confined groundwater
flow and hypogene cave development is not
coincidental, and that artesian transverse
speleogenesis is one of the most common vari-
ants of hypogene speleogenesis.

The question whether confinement by itself
is a necessary condition for hypogene speleo-
genesis is somewhat misleading. The term
“confined” refers to a hydrodynamic condition
wherein groundwater is under pressure in a
bed or stratum confined above and below by
units of distinctly lower permeability. The po-
tentiometric surface in such aquifers lies above
the bottom of the overlying confining unit, and
this allows water to move up through available
preferential paths. Hence, at least a certain de-
gree of hydrogeological confinement is a nec-
essary condition for the forced ascending
groundwater circulation to occur. It is the up-
welling circulation, but not confinement by it-
self, which is considered in the hydrogeological
approach to be the main condition for hypo-
gene speleogenesis, although confinement is
certainly the common characteristic of flow in
saturated heterogeneous media.

Another misconception [Mylroie, Mylroie,
2009] is that confinement always implies that a
carbonate sequence must be once buried and
moved to the mesogenetic realm. In fact, con-
finement does not necessarily imply consider-
able burial, but it does imply the layered
heterogeneity. Confined (pressurized) flow
may occur in sequences of eogenetic lime-
stones, as they commonly demonstrate dis-
tinct layered heterogeneity formed due to
variations in depositional and post depositional
processes. For instance, D.A. Budd and H.L.
Vacher [Budd, Vacher 2004] show that matrix
permeability of young carbonates in the Upper
Floridan Aquifer range over three orders of
magnitude between different lithofacies. K.J.
Cunningham et al. [Cunningham et al., 2006]
developed a high-resolution cyclostratigraphic
model for the Plio-Pleistocene carbonate Bis-
cayne Aquifer, Florida, and demonstrated pro-
nounced regular variations in porosity structure
and permeability between lithofacies, arranged
in cyclic successions of three types. Perme-
ability of the aquifer is heterogeneous, with val-
ues differing up to two orders of magnitude
between the lithofacies.
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It is known [Girinsky, 1947] that where a
vertical head gradient exists between aquifers
in a layered sequence, and if hydraulic conduc-
tivities in adjacent beds differs by at least two
orders of magnitude, flow in high conductivity
beds is predominantly lateral, but flow in the
separating beds is predominantly vertical. The
above data on heterogeneity of eogenetic
carbonate sequences suggest that they may
host confined (leaky) aquifer systems with a
characteristic pattern of interaction that may
include rising transverse flow components.

Although hypogene speleogenesis devel-
ops mainly in confined conditions, it is not lim-
ited to them. When hypogenic caves are shifted
to the shallower, unconfined situation due to
uplift and denudation but their further develop-
ment continues to be driven by upwelling flow
from deeper systems, this is still hypogene
speleogenesis, although now partly uncon-
fined. Unconfined hypogene development can
be regarded as an extinction phase of hypo-
gene speleogenesis in most cases. However,
the cave development fed by the upwelling
recharge to the bottom of an unconfined
aquifer in eogenetic carbonates can also be
considered to be hypogenic.

Hypogene speleogenesis

in eogenetic carbonates in islands

Cave development in eogenetic carbonates in
coastal/island settings is described by the
flank margin model [Mylroie, Carew, 1995].
Caves form as the result of mixing of freshwater
and seawater at the bottom and especially at
the distal margins of a floating freshwater lens.
Because the aggressiveness is produced at
depth within the bedrock mass, these caves are
considered to be hypogenic within the geo-
chemical approach [Mylroie, Carew, 1995;
Palmer, 2007]. As the standard model consid-
ers a floating Dupuit-Ghyben-Herzberg fresh-
water lens and cave development in unconfined
phreatic conditions, the flank-margin caves
were not regarded as hypogenic according to
the hydrogeological approach.

J.E. Mylroie and J.R. Mylroie [Mylroie, Myl-
roie, 2009] provided a number of illustrations
showing a great deal of similarity between
flank-margin caves and confined hypogenic
caves formed by upwelling flow. They argue
that the characteristic morphological features
of flank-margin caves form due to slow flow
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conditions in the mixing zone that allow natural
convection to extensively operate, and that the
upwelling limbs of natural convection cells play
a pronounced role in shaping the passage
morphology. This is indeed a feasible explana-
tion for the above-mentioned similarity. Flow in
confined aquifers is also commonly slow, and
the great role of natural convection circulation
in shaping hypogene caves has been demon-
strated and underscored [Klimchouk, 2000,
2007, 2009]. It has to be noted that the up-
welling flow is a part of the buoyancy circulation
in any case.

A question remains for the of flank-margin
caves, however, as to whether their morpho-
genesis is solely due to the natural convection
circulation, self-developed along the freshwa-
ter/marine water interface in a homogenous
rock, or whether it originates by the upward
leakage (recharge) of a freshwater aquifer from
a layer of high hydraulic conductivity (a con-
fined aquifer) below, across a separating layer
of relatively low conductivity (an aquitard)? In
such case, the caves would be classified to be
properly hypogenic according to the hydroge-
ological approach. One could expect the pres-
ence not only of certain characteristic wall and
ceiling bedrock features in such caves, but also
the entire “morphological suite of rising flow”
[Klimchouk, 2007, 2009], including feeders.
This suite, but not separate features, was con-
sidered to be truly diagnostic for hypogene
caves, as it unambiguously indicates upwelling

circulation of the cave-forming fluid across the
soluble rock unit; the main criteria referred to
by the hydrogeological definition.

The above question reveals a weakness in
the standard flank-margin speleogenetic
model, which is based on an assumption that
the rock sequence is homogenous (Fig. 2, A).
The references cited in the previous section
show that this assumption is not always valid.
Moreover, there is a large body of publications
that demonstrate significant inhomogeneities,
both layered and discordant, and hence the
presence of leaky aquifer systems in coastal
regions. A simple conceptual setting is pre-
sented in Fig. 2, B, where an aquifer system is
depicted consisting of an upper unconfined
aquifer and the underlying confined aquifer,
while the aquifers are separated by a aquitard
that allows leakage. An aquitard can be hetero-
geneous in its lateral extent, allowing more sig-
nificant leakage in certain areas where the
vertical conductivity is enhanced due to the
presence of fractures or other discontinuities.
The obvious result of this circulation pattern
would be the formation of truly hypogene
caves driven by the leakage of freshwater from
the lower aquifer. The aggressiveness would be
produced due to mixing of the leaking fresh-
water with the marine water at the base of the
unconfined aquifer, and natural convection ef-
fects would be very pronounced due to spa-
tially fixed, steady and efficient supply of
freshwater from below.

A

sea level

Fig. 2. Speleogenesis in coastal areas:

=

A - the standard flank-margin model for homogenous rocks (redrawn after J.E. Mylroye, J.L. Carew [Mylroye, Carew,
1995]); B - an expanded model with elements of layered heterogeneity (the hydrogeological setting is borrowed from
P.M. Barlow [Barlow, 2003]). Legend: 1 — groundwaters: a - fresh, b — brackish, c — saline (marine); 2 - flow directions;
3 —ascending leakage across the aquitard; 4 — epikarst; 5 — fractures or other conductive discontinuities across the aqui-
tard; 6 — speleogenesis by mixing of vadose and phreatic freshwaters along the water table; 7 — speleogenesis by mixing
of freshwater and marine water. Note that the speleogenesis by mixing of freshwater and marine water in cartoon B would
be hypogenicspeleogenesis according to the hydrogeological definition
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It is therefore suggested that the flank-
margin model should be expanded to account
for a multiple aquifer settings. From the per-
spective of the hydrogeological approach,
both epigene speleogenesis and hypogene
speleogenesis may develop in coastal carbon-
ates depending on a degree of the layered het-
erogeneity.

Conclusion

Defined in the most general way, hypogene
speleogenesis is the origin of caves in which
the cave-forming agency comes from depth, in
contrast to epigene speleogenesis in which the
cave-forming agency (meteoric recharge and
its inherent or soil-derived aggressiveness)
originates at the surface. A more specific defi-
nition should rely on attributes of the cave-
forming agency that are most suitable and
efficient for discrimination between epigene
and hypogene origins of caves.

Relying on the determination of a source of
the aggressiveness in classifying hypogene
speleogenesis is the legitimate approach but it
is not a methodologically sound and practically
efficient one. The hydrogeological approach
and the reference to upwelling groundwater
circulation in the definition of hypogene
speleogenesis provide a theoretically and
methodologically sound basis not only for
identifying the type of speleogenesis, but also
for spatial and temporal prognosis of hypo-
gene speleogenesis.

Hypogene speleogenesis develops where
upwelling groundwater circulation and disequi-
librium conditions causing dissolution are sup-
ported during a sufficiently long time. It is
localized predominantly in discharge zones
and/or zones of interaction of groundwater
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